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 Gruppo Nazionale per la Difesa dai Terremoti

2rd year of activity: Brief Report 

DETERMINATION OF THE DEFORMATION STYLE AND STATE OF STRESS OF THE CALABRIAN ARC

Coordinator: Riccardo Barzaghi

Introduction.

The aim of the project was to define the deformation style of the Calabrian Arc by means of an integrated geodetic-geophysical approach. This analysis was based on the definition of the deformation rate over the entire area and by investigating the deformation pattern on relevant local areas. From a geodetic point of view, this was realised by analysing the data coming from the GPS permanent stations of the ASI network which are present in the Calabrian area. At a local scale, this was done by means of repeated GPS campaigns on non-permanent networks. 

On the other side, the seismic and the geodynamical modelling aimed at refining the regionalization of the lithospheric structure of the Calabrian Arc, at comparing historical earthquake catalogues over this area and at developing a predictive geophysical model able to simulate the lithosphere deformation associated to the Calabrian subduction. 

The final goal of the project was to compare and possibly integrate these different analyses in order to cross-check their outcomes. Furthermore, one of the main objectives of this project was also to perform such investigations using non-standard methodologies, thus developing innovative techniques both on the geodetic and the geophysical aspects.

The project activities: an overall synthetic description.

During the project, the research activities were basically devoted to the definition of the above mentioned goals. This has been done following the different proposed approaches. The geodetic activities have been mainly focussed on the design of a regional permanent GPS network over the investigated area and on the monumentation of a new GPS permanent station (the Nocara station). Furthermore, this regional investigation has been complemented by the design and the monumentation of two non-permanent GPS networks on active faults areas (Castrovillari and Vibo Valentia). Both this aspects were developed in strict co-operation with the RUs having in charge the geophysical modelling, thus defining the networks design according to the most recent and reliable geophysical models for those particular local areas. Bouguer anomalies were also computed in the Calabrian region in order to compare these observed quantities with the modelled anomalies implied by the seismic and geophysical models. Two GPS field campaigns were carried out by the RUs over the Castrovillari network and the collected data have been analysed thus giving a preliminary deformation pattern for this area. As for the geophysical aspects, the comparison and analysis of historical earthquake catalogues was performed over the whole area and this investigation helped in defining and designing the two local GPS networks of Castrovillari and Vibo Valentia. The development of predictive geophysical models to simulate the lithosphere deformation was another important goal that has been reached during the project. This allowed the definition of strain and stress maps of the Calabrian Arc which has been compared with the geodetic deformation pattern coming from the GPS permanent and non-permanent networks data analysis. Furthermore, this analysis was complemented by the comparison with the structural seismic model for the lithosphere-asthenosphere system which has been regionalized to the Calabrian Arc in the framework of this project. The further comparison of the model Bouguer effect and the observed Bouguer has been carried out on a relevant section and will be extended in 2D within the end of the project using the results of the geodynamical model developed in horizontal scale. As pointed out in the Introduction, most of these researches have been performed using non-standard methodologies which were originally defined during the project, as it will be detailed in the description of the activities of each RU.

1. The geodetic strain estimation (RUs Politecnico di Milano, Università di Trento).

The RUs of the Politecnico di Milano and the Università di Trento were the two units basically involved in the geodetic aspects of the project.

The main initial objectives of the research can be summarized as in the following:

a. to design a permanent GPS network to define the geodetic strain pattern in the Calabrian Arc area;

b. to design and to monument non-permanent GPS networks in selected areas to estimate their deformation style;

c. possibly, to optimise the permanent network design by monumenting new permanent GPS stations;

d. to study original procedure for GPS data handling;

e. to define and test reliable procedures to be applied in non-permanent GPS campaigns;

f. to compute the Bouguer anomalies in the area under investigation to be used in the comparisons with the geophysical models derived anomalies.

At the moment, most of these objectives have been achieved. In particular:

a. the design of the permanent GPS network have been accomplished and one new station has been realised in Nocara according to the highest quality standard;

b. the data coming from this network have been collected from the ASI data base and processed using the Bernese software;

c. two non-permanent GPS networks have been defined and monumented and one of them has been measured two times;

d. an original method for taking into account the existing time correlations in GPS time series has been devised and tested and procedures for reliable data acquisition in non-permanent GPS networks have been defined;

e. Bouguer anomalies have been computed in the Calabrian Arc region and also reduced to a section crossing the area.

All this results will be further discussed and compared with the outcomes of the geophysical investigations in order to get the best possible integrated description of the phenomena acting in the Calabrian area.

1.1 Description of the activities.

The permanent network designed for the Calabrian Arc investigation is plotted in the following figure.
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The project permanent GPS network over Calabria

In this plot, only the station placed in Calabria are represented. The network has been completed including Matera, Noto and Trapani, thus allowing the description of the deformation in an area larger than the one strictly related to the Calabrian Arc. The Cosenza and Reggio Calabria stations and the ones listed before belong to the ASI network. During the project, we were able to activate the Nocara GPS permanent station and to define a suitable place where to monument another station close to Crotone. The Nocara site was realised in strict cooperation with the Calabria Regional Authority which supported the project financing this GPS permanent station. This station has been monumented according to the highest standards, mounting the antenna on top of a concrete pillar based on solid rock.
Furthermore, a levelling network was set up in the area surrounding the station to check for local spurious displacements.

One year and a half data where collected over this six sites network, thank to the cooperation of ASI. These data were processed with respect to Matera using the Bernese 4.2 scientific software. The QIF processing method was adopted and tropospheric parameters were estimated every two hours: the cut-off was set to 15° and a frequency rate to 30”. The daily solution cartesian components have been estimated in the ITRF2000 reference system and will be compared, within the end of the project, with the modelled strain pattern coming from the geodynamical model of the area. This will be done in terms of strain-rate eigenvalues and eigendirections computed for a set of triangular domains covering the studied area. This analysis will be further refined by applying a non-standard procedure for estimating the site velocities. As a matter of facts, it has been proved by many authors that temporal correlations among daily solution exist (Howind et al., 1999, Williams, 2003, Wang et al., 2003, Mao et al., 1999). Usually these correlations are disregarded in the standard adjustment procedure which leads to the velocity estimates from the daily time series. An original and innovative approach has been proposed by the RUs involved in this task which accounts for this correlation (R. Barzaghi et. al). In this way, it has been proved that more reliable velocity patterns can be obtained and that the st.dev. usually estimated are too optimistic. Thus, this method can be considered a remarkable step forward and a valuable tool for getting realistic geodetic deformations of the investigate areas. 

In the framework of the project, two non-permanent networks were also monumented. The two networks consist of ten and nine points respectively and are shown in the following.
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The Castrovillari non-permanent GPS network
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The Vibo Valentia non-permanent GPS network

The former is centered on Castrovillari (the Pollino seismic gap) and the latter is in the Vibo Valentia area, a potentially dangerous zone as pointed out by paleoseimologists and by historians. Proper GPS benchmarks were fixed to solid rock and steel pillars holding the GPS antenna were mounted on such benchmarks. The used device was originally designed at the Università di Bologna (DISTART) and was refined and improved during this project. Using such a device, it can be proved that a sub-millimetre forced centering in 3D can be achieved. 
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The antenna mount device and the benchmark (Castrovillari network)

The Castrovillari network was measured in 2003 and 2004. The data were collected for four consecutive days, for eight hours each day, using a cut-off angle of 15° and a frequency rate of 15”. Data were processed with respect to Nocara using Bernese software and the QIF procedure. The estimated displacements occuring in these points during one year are shown in the following figure for the planar components
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[image: image10.png]Geodetic displacements in the Castrovillari network during the period 2003-2004 (          =1 cm)

As one can see, these displacements are non statistically significant. However, they are, more or less, clustered in two main sets. This deformation pattern will be compared with the geophysical model patterns describing the deformation acting in this area to verify if there is a correlation between observed and modelled displacements. This will be done in the near future since this estimate must be considered as a preliminary result which must be checked and validated (as a matter of facts, the 2004 GPS campaign was carried out in mid May).

Also, parallel to this field work, some tests were made on the antenna PCV parameters to verify the impact of this models on coordinate determination (R. Barzaghi and A. Borghi, 2004). This has been done to quantify possible biases induced by antennas change from one campaign to the other. This, naturally, can happen in case of non-permanent GPS networks, since one cannot be sure to have always the same instruments/antennas in different campaigns (one can for instance have an out of order instruments which must be substituted by another, different, one).

Two antennas of the same kind were mounted, using a stable forced centering, at a four meters distance on a highly stable basis. Then one of the two was replaced by different antenna types. By means of these on field tests, we were able to prove that the Geo++ absolute PCV parameters perform better than the relative UNAVCO parametres. If absolute PCV parameters from Geo++ are used, no significant baseline variations are estimated while changing antennas. The same doesn’t hold, at the millimetres level, when the UNAVCO parameters are used. In this case, baseline variations are present and cannot be avoided. This has been done for many different antennas with similar results. Thus, we adopted the GEO++ absolute parameters in processing the GPS data coming from the Castrovillari network, since we were looking for very small displacements and hence all the effects having an impact on the estimated coordinates must be carefully taken into account. Finally, for each point, high precision levelling networks have been materialised and measured to check, also in this case, for spurious displacements of local type. The comparisons between the 2003 and 2004 levellings proved that, on a local basis, the network points are stable. 

Finally, the Bouguer anomaly in the Calabrian Arc area were computed using the GRAVSOFT package (Tcherning et al., 1994) and then reduced to a section crossing the area from SE to NW. The fit between the observed Bouguer and the model one was good, as it is described in the following of this report.

1.2 Final products.

The products that will be available at the end of the project, coming from the geodetic analyses are:

a. the geodetic deformation pattern in the Calabrian Arc area as derived from GPS permanent stations. This analysis is optimised in terms of an innovative statistical analysis applied to the GPS time series;

b. the geodetic deformation pattern in the Castrovillari area (the Pollino seismic gap) as derived from a non-permanent network which has been monumented and measured according to the highest precision standards.

These investigations give valuable information which will possibly help in better defining the state of stress of the Calabrian area.

2. Comparison between historical earthquake catalogues and regionalization of the litospheric structure of the Calabrian Arc (Università di Trieste).

The RU of the Università di Trieste had basically two main tasks within the project:

a. comparison between historical earthquake catalogues for the Calabrian Arc;

b. regionalization of the lithospheric structure for the Calabrian Arc.

These two objectives were successfully reached as it is described in the following.

2.1 Description of the activities.

A comparison has been made between the catalogue CCI1996 (Peresan, Costa and Vaccari, 1997) and the bulletins distributed by NEIC (National Earthquake Information Centre, USGS, USA; dati PDE: Preliminary Determinations of Epicentres). The comparison has been carried out for Southern Italy. The main purpose has been the evaluation of the different magnitudes reported in each catalogue. As a result, a relation could be established that links them, making it possible a merging of the two databases with homogeneous criteria in the choice of the best magnitude.

The magnitudes comparison for Southern Italy is performed within the rectangular area having coordinates Lat: 37.0-42.0N, Lon: 12.0E-17.5E. The time interval selected is from 1900 till the end of 1997. The subset of events common to CCI and PDE catalogue has been extracted. Each of the reported magnitudes in one catalogue has been compared with the four estimates given in the other catalogue. For each couple of magnitudes, the linear regression has been computed (by minimizing the orthogonal distance from the regression line), and the standard deviation  and the quantity P, that is the percentage of cases that fall at a distance larger than 2 from the regression line. As a second step, the PDE magnitudes have been recomputed using the coefficients obtained from the linear regression, and the Gutenberg-Richter distribution has been evaluated considering the original (M) and the recalculated magnitude. This did not translate into a better correspondence (and therefore homogeneity) between CCI and PDE, at least in terms of frequency-magnitude distribution. Finally, the time variation of the completeness threshold Mc has been analyzed for PDE catalogue in Southern Italy, that is the magnitude threshold below which the frequency-magnitude distribution diverges from linearity. This analysis shows that the catalogue cannot be considered complete for magnitudes smaller than 4.0 till at least 1992. For later years Mc reduces to about 3.5. The limited completeness of the PDE catalogue must be kept in mind if a merging of the two catalogues will be actually required.

As for the second research argument, the aim was the refinement of the rheologic model of the crust for the Calabrian Arc and its surroundings, and the localisation of low-viscosity zones, so that the revised model could be used by for the study of the viscoelastic relaxation in the crust after the occurrence of seismic events.

The procedure followed to refine the structural model of the lithosphere-asthenosphere system in the Calabrian Arc (in terms of S-wave velocity and layer thickness) can be summarized as follows:

- application of Frequency-Time Analysis (FTAN: e.g. Levshin et al., 1992) to obtain the dispersion curves of group velocity along several source-receiver paths; 

- surface waves tomography at different periods (Ditmar e Yanovskaya, 1987; Yanovskaya e Ditmar, 1990); 

- regionalization of the studied area based on the comparison of the dispersion curves associated with each cell 1° x 1° .

- Non-linear inversion of average dispersion curves, by Hedgehog method (Valyus, 1972), bounded by local observations about P-waves velocity, density and thickness of upper crust, obtained from available seismic profiles.

This study allowed to identify a high velocity anomaly in correspondence of the Calabrian Arc, going deeper in the direction SE-NW, reproducing the subduction of the Ionian lithosphere towards NW, beneath the southern Tyrrhenian Sea.

The results do not allow to clearly specify the characteristics of the Ionian crust, but confirm the oceanic nature of the crust of the southern Tyrrhenian Sea. Surficial low S-velocity layers, and the existence of partial melting, below a thin lid, have been identified in correspondence of the Marsili and Magnaghi-Vavilov volcanic bodies.
2.2 Final products.

The final products that will be delivered at the end of these investigations are:

a. relationships between the magnitudes available in the catalogues CCI and PDE, for the common events occurred in Southern Italy (Lat: 37.0-42.0N, Lon: 12.0-17.5E); 

b. cumulative frequency-magnitude relations, normalized by the length of the time period considered, obtained for: i) all the events; ii) the main shocks only reported in the CCI and PDE catalogues for Southern Italy;

c. frequency-magnitude distributions obtained for PDE in the studied area;

d. set of structures (Vs plotted against depth) obtained by means of the non-linear inversion process, for each of the 1°x1° cells used to discretize the Calabrian Arc and its surroundings. For each cell, a representative model will be given, together with the Moho depth.

These basical information will be useful in improving the geodynamical modelling in order to better estimate the deformation acting in the Calabrian Arc region. Also, these investigations will be of relevant interest in defining the connection between recent volcanism and seismicity.

3. Prediction of the deformation style in the Calabrian Arc area (Università di Milano).

The RU of the Università di Milano was involved in the development of predictive geophysical model to simulate the lithosphere deformation associated with the Calabrian subduction with the purpose to define maps of strain and stress in the Calabrian Arc area. The achived objectives are summarized in the following:

a. development of original numerical codes to predict the lithospheric deformation in vertical scale in the Tyrrhenian area;

b. predictions of deformation rates in the Calabrian Arc;

c. comparison between the prediction of the geophysical models, developed in vertical scale, and the up to date available seismic, GPS and gravimetric data;

d. development original numerical codes to predict the lithospheric deformation in horizontal scale in the Tyrrhenian area.

Furthermore, there are some further achievable objectives which will be pursued in and reached within the end of the project such as the comparison between the prediction of the geophysical models, developed in horizontal scale, and the up to date available seismic, GPS and gravimetric data.

3.1 Decription of the activities.

The RU of the University of Milan focused the research on the analysis of the lithosphere deformation in the southern Tyrrhenian area and, in particular, on the mechanism of trench retreat during the subduction of oceanic lithosphere under the Calabrian arc, where geophysical evidences suggest that the arc retreats due to the gravitational sinking of the oceanic lithosphere. This task is performed by means of finite elements models of the subduction process, that have been developed in-situ to predict the deformation in the Calabrian Arc region. A crucial role in the set up of this kind of geophysical models was played by the structural models obtained for the lithosphere-asthenosphere system by the RU of the University of Trieste and used as  constraints for the original numerical models. The lithosphere deformation during the Calabrian subduction was predicted by solving first in a vertical bi-dimensional domain the coupled system of equations for the conservation of energy and momentum for an incompressible medium with a temperature-dominated viscosity. Our results show that the large dip of 70° Calabrian subduction is caused by the termination of the active phase of opening of the Tyrrhenian back-arc basin and by the essentially purely gravitational sinking of the subducted slab, in agreement with the newly acquired GPS data along the Calabrian arc, indicating that the trench’s retreat is negligible today in the direction perpendicular to it (Devoti et al., 2002). The predicted deformation pattern has been compared with the up to date tomographic image available in the study area. The geometry of the subducted slab, from the surface to the transition zone, agrees well with the tomographic image redrawn from Lucente et al. (1999) (see next figure – panel b). The adopted original modelling approach also allows to emphasize how the trench’s retreat impacts significantly the deformation and stress fields at surface (see next figure – panel c).  In particular, the level of stress is substantially low in the contact region between the overriding and subduction plate to a few megapascals, which leads to a rather uniform level of stress in the whole slab. Most important, the stress style in the overriding plate changes from compression into a dominant extension of moderate amplitude, which is now spread from 0 to 600 km in our horizontal scale. This finding agrees with the dominant style of seismicity in the Calabrian Arc, located approximatively  between 100 and 200 km in our horizontal scale and characterized by moderate extensional seismicity in the central part of Calabria (Guerra et al., 2000) and by extensional tectonics (Tortorici et al., 1995). The downwelling flow within the knee of the slab is the cause of the compression at intermediate depths between  50 and 300 km. Due to the interaction with the transition zone, the bottom of the slab is in compression. The rather uniform level of stress in the whole slab would explains why earthquakes are distributed uniformly within the plate. Modelled strain rates in the Calabrian Arc vary in the range of 1÷10×10-16 s-1, in agreement with the release of seismic strain inferred from the NEIC earthquake catalogue (Jiménez-Munt et al., 2003). 

A further constraints to the porposed vertical geophysical models came from the gravimetric anomaly data processed by the RU of the Politecnico of Milan. The comparison between the Bouguer anomalies observed near the Calabrian subduction trench and the predicted ones (see the next page figure) improves better the constraining of our geophysical model and supports the crucial role of the onset of trench’s retreat in controlling the regional deformation style, both at shallow and deep depths. 


(a)
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Locations of the profiles along which the analysis was applied. AA’ – profile along Crete, BB’ – profile along Calabria


(c)
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Present-day maximum shear stress pattern (grey scale) and eigenvalues and eigendirections of principal stresses (red bars – compression, cyan bars – extension) for the Calabrian profile BB’.
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Present-day thermal configuration (red/yellow colours) of the subducted slab and flow field in the mantle (arrows) for the Calabrian profile BB’. The green-violet colours represent the largest velocity anomalies; redrawn from Lucente et al., 1999.


From Rizzetto, C. et al.,, 2004.
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From Spelta, E. et al.,  2004.

The lithosphere deformation in the southern Tyrrhenian area was analyzed also in the horizontal direction, by means of a spherical finite elements thin sheet approach, which allows to account for the complexity of the Tyrrhenian area, in terms of both structural and rheological lateral heterogeneities. This 2D approach has been already tested succesfully to analyse the crustal deformation in Central Europe (Marotta and Sabadini, 2004). The structural models obtained for the lithosphere-asthenosphere system by the RU of the University of Trieste reveal again of great importance in the 

set up of this kind of approach. The usage of geophysical model in horizontal scale allowed to analyze the effects of extrusion and of the lateral finite extension of the Calabrian Arc on the velocity of arc retreat and on the deformation pattern in Calabria.  

With few exceptions, all the initial objectives have been achieved. The only activity not yet concluded is the final comparison between results of the geophysical models developed in horizontal scale, in terms of gravity anomalies, strain rate and stress horizontal maps, with the data. However, we are confident to conclude this activity in time to include the conclusive results into the final report .

3.2 Final Products.

The outcomes of the geophysical modelling will be:

a. prediction of the lithospheric deformation in vertical scale in the Tyrrhenian and in the Calabrian Arc areas;

b. prediction of the lithospheric deformation in horizontal scale in the same areas. 

These estimates have been obtained by means of original numerical codes developed by the RU of the Università di Milano in the framework of the project and have been validated by comparisons with the available seismic, GPS and gravimetric data. 

They will give very useful information about the deformation style of the investigated areas, to be compared with the ones derived from GPS, at different scales, in the context of a regional to local integrated monitoring of this critical region.

Conclusions.

The main goals of the project have been achieved as it can be seen in the report of the activities which was given above. The integrated geodetic-geophysical approach that was developed by the RUs proved to be effective and new interesting results have been obtained. Particularly, the overall geodetic deformation style of the Calabrian Arc was investigated through the analysis of time series of the GPS permanent stations of the area and compared with the geodynamical model results, also coming from a refined structural model of the lithosphere-astenosphere system. Comparisons between observed and predicted Bouguer anomalies in the investigated area were done as well, showing a substantial agreement. Furthermore, GPS non-permanent networks were monumented and measured, according to a non standard procedures, to investigate some relevant fault areas which will be regularly monitored in the future. Original and innovative procedures were also developed in the framework of the project both in the geodetic and in the geophysical fields.
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