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Introduction. An integrated analysis approach, based on geological investigations and 
2D high-resolution shallow geophysical data, was proposed along a slope in the Bellolampo 
landfill area (Palermo, Italy) where the presence of a fault zone was hypothesized. 

Geophysical surveys included electrical resistivity tomography (ERT), induced polarization 
tomography (IPT) and seismic refraction tomography (SRT) techniques. The inversion of single 
geophysical parameter often does not allow to justify the complexity of the subsoil structures. 
The most appropriate solution should be to add additional physical or geological information 
so to get a constrained geological model. However, it is not at all easy to work with multivariate 
datasets due to the lack of well-defined relationships between different parameters.

A solution can be a joint inversion procedure with mathematical constraints that favoured 
final models providing similar spatial distribution of the discontinuities (Gallardo and Meju 
2007; 2011).

In addition, the use of post-inversion techniques of independent univariate models can 
help to understand the relationships between different observable parameters (Bedrosian et 
al., 2007; Dell’Aversana 2001; Di Giuseppe et al., 2014). In particular, these techniques have 
shown excellent results when applied to seismic and electrical tomography data (Bohm et al.,  
2017; Capizzi et al., 2017; Gallardo and Meju 2003; 2004).

Geological model. The study area is located in the northern sector of the Palermo Mountains 
where the Mesozoic carbonate platform succession pertaining to the Panormide paleogeographic 
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Fig. 1 - 3D representation of the Bellolampo landfill project area. White lines are the traces of the geophysical surveys.

domain extensively crops-out (Catalano et al., 1996). The outcropping succession represent a 
portion of a tectonic unit belonging to the Sicilian Fold and Thrust Belt, which in this sector 
shows SW-ward tectonic transport. These tectonic units are affected by more recent transpressive 
high-angle faults with N-ward tectonic transport. Geological investigations, aimed at defining 
the morphological, geomorphological, stratigraphic and structural characteristics of the 
outcropping units, were carried out in correspondence of over 60 measurement stations, which 
provided hundreds of stratigraphic and sedimentological data and the kinematics of the tectonic 
elements. We carried out two trenches across the study area (perpendicular to the direction of 
the fault being studied and parallel to it) to analyse the fracturing pattern and the stratigraphic 
and lithological features along the excavation walls.

Based on the collected and processed data, the geological model of the site was defined. 
The integrated geological and geophysical analysis and the k-means cluster analysis allowed to 
reconstruct the lateral variations of the deformed carbonate breccias and better define the stress-
field-orientations. The fracturing and kinematic analysis on fault planes observed along the 
trenches, highlighted systems of left and right-lateral transtensional faults NW-SE, NNW-SSE 
and NE-SW trending, respectively, which antedate the extensional tectonic event.

Geophysical survey. In order to obtain detailed information on the geological structure 
of the investigated area, integrated geophysical surveys (Fig. 1) have been performed using 
electrical resistivity tomography (ERT), induced polarization tomography (IPT) and seismic 
refraction tomography (SRT) techniques. In particular, five seismic tomographies were 
performed for a total of about 928 m in length. Coincident topographic traces were used for the 
electrical tomographies, in order to facilitate the joint interpretation of the different geophysical 
methods. The sequences of about 5000 resistivity and 1000 chargeability measurements have 
provided for the use of the multiple gradient (Dahlin and Zhou, 2006) in the modified multi-
coverage version (Martorana et al. 2016; 2017). The surveys were supported by a detailed 
photogrammetric survey.

The tomographies generally show high values of P-wave velocities (1000-3000 m/s) 
and electrical resistivity values from medium to very high (103-104ohm.m) according to the 
carbonate lithologies outcropping in the area. In the shallow part, a layer of fractured limestone 
shows thicknesses varying from 2 to 5 meters, characterized by lower P-wave velocity and 
resistivity values.

The lateral variations of the seismic velocity and resistivity values are well correlated with 
the geological and tectonic discontinuities from the detailed geological-structural survey. 
Relatively lower seismic velocity and resistivity values have been correlated with tectonized 
Upper Jurassic carbonate breccias, whereas the presence of clayey intercalations is evidenced 
by chargeability values greater than 0 ms, which never exceed 20 ms, however compatible with 
the absence of leachate (Mondelli et al., 2007).

The interpretation model related to the resistivity tomography (ERT3), chargeability 
tomography (IPT3) and refraction seismic tomography (SRT3) are shown in Fig 2.
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Cluster analysis. Where seismic and electrical surveys were acquired with coincident 
profiles, cluster analysis techniques were used to facilitate the data interpretation. 

Cluster analysis is a multivariate technique that makes it possible to group statistical units, 
characterized by different parameters (in this case, electrical resistivity, seismic velocity, seismic 
ray density and position in space xz), which show similar characteristics to each other and 
dissimilar from those of other groups or clusters. At the end of the procedure, the final clusters 
should exhibit a high internal consistency (intra-cluster) and high external heterogeneity (inter-
cluster). So, if the partition is successful, the objects within the clusters are close to each other, 
while objects belonging to different clusters are more distant from each other (Barbarito 1999). 
Generally, in the analysis for grouping it is not necessary to have in mind any interpretative 
model (Fabbris 1983). Although various studies (Rand 1971; Ohsumi 1980) indicate that 
different grouping strategies often lead to dissimilar results, however, the criteria for choosing 
algorithm have not yet been sufficiently explored.

We choose a centroid-based algorithm that generally requires the number of clusters, k, and 
the initial centroid coordinates to be specified in advance. This aspect is considered to be one of 
the biggest drawbacks of these algorithms. An inappropriate choice of k may yield poor results. 
The proposed algorithm (Capizzi et al. 2017) does not fix the number of k clusters and choose 
automatically for each k value the initial centroids from data set. 

The used algorithm starts the first iteration by choosing the coordinates of the first centroids 
autonomously, splitting the interval between the minimum and maximum values   of the used 
parameters in a number of intervals equal to number of partitions. The distance of each element 
from the initial nuclei and from the nuclei obtained after each iteration was calculated as the 
weighted sum of the Euclidean distances of all the considered variables:

D=,
where a, b, c and d are the weights and dx, dy, dC, dρ and dv are respectively the differences 
between the parametric xz coordinates, density of the seismic rays, electrical resistivity and 
P-wave velocity.

The results related to the cluster analysis, for k=3, of SRT3 refraction seismic tomography 
and ERT3 resistivity tomography data are shown in Figure 2(d). In particular, the green cluster 
represents a layer of fractured limestone formations, whereas the yellow and the blue ones 
represent the carbonate and the tectonized Upper Jurassic breccias, respectively.

Conclusions. The integrated analysis of 2D high-resolution shallow seismic refraction 
tomographies (SRT) and electrical resistivity tomographies (ERT& IPT) allowed to better 
define the lateral geometry of the NE-SW trending band composed of intensely tectonized 
carbonate breccias. Furthermore, the k-means cluster analysis allowed to reconstruct the lateral 

Fig. 2 - a) ERT3 electrical resistivity tomography; b) IPT3-induced polarization tomography; c) SRT3 Refraction 
seismic tomography; d) Results of the cluster analysis of SRT3 refraction seismic tomography and ERT3 resistivity 
tomography data.



GNGTS 2018 SeSSione 3.2

637

variations of these tectonized carbonate breccias, with respect to their electrical and seismic 
characteristics and better define the stress-field-orientations.

Finally, the fracturing and kinematic analysis on fault planes observed along trenches, 
highlighted systems of left and right-lateral transtensional faults, NW-SE, NNW-SSE and NE-
SW trending respectively, which antedate the extensional tectonic event. The reconstructed 
stress-field-orientation related to the last tectonic system does not comply with the active stress 
field for this sector of the Sicilian chain. Moreover all the tectonic structures are sealed by 
Upper Pleistocene – Holocene continental deposits.
Acknowledgements. The authors wish to thank Dr. Antonino Pisciotta for the opportunity to use the photogrammetric 
survey. This research was carried out in the frame of the agreement with RAP S.p.A stipulated for the geological and 
geophysical study of the dumping of Bellolampo (Palermo, Italy).

References
Barbarito L.; 1999: L’analisi di settore: metodologia e applicazioni, Milano, Franco Angeli Ed.
Fabbris L.; 1983: Analisi esplorativa di dati multidimensionali, Cleup ed.
Bedrosian P.A., Maercklin N., Weckmann U., Bartov Y., Ryberg T., Ritter O.; 2007: Lithology derived structure 

classification from the joint interpretation of magnetotelluric and seismic models. Geophys. J. Int. 170, 737–748. 
http://dx.doi.org/10.1111/j.1365-246X.2007.03440.x.

Bohm G., Baradello L., Affatato A. and Poli M.E. ; 2017: Cluster analysis on geophisical parameters for subsoil 
investigation. Near Surface Geoscience 2017 – 23rd European Meeting of Environmental and Engineering 
Geophysics, DOI: 10.3997/2214-4609.201701973.

Capizzi P., Martorana R. and Carollo A.; 2017: Cluster analysis for cavity detection using seismic refraction and 
electrical resistivity tomography. Near Surface Geoscience 2017 – 23rd European Meeting of Environmental and 
Engineering Geophysics, We 23P2 23, DOI: 10.3997/2214-4609.201702123.

Catalano R., Di Stefano P., Sulli A. and Vitale F.P., 1996. Paleogeography and structure of the Central Mediterranean: 
Sicily and its offshore area. Tectonophysics 260, 291–323.

Dell’Aversana, P.; 2001: Interpretation of seismic, MT and gravity data in a thrust belt interpretation. First Break 19, 
335–341.

Di Giuseppe M.G., Troiano A., Troise C. and De Natale G.; 2014: k-Means clustering as tool for multivariate 
geophysical data analysis. An application to shallow fault zone imaging. Journal of Applied Geophysics, 101, 
108–115.

Gallardo L.A. and Meju M.A.; 2003: Characterization of heterogeneous near-surface materials by joint 2D inversion 
of dc resistivity and seismic data. Geophys. Res. Lett. http://dx.doi.org/10.1029/2003AL017370.

Gallardo L.A. and Meju M.A.; 2004: Joint two-dimensional DC resistivity and seismic travel time inversion with 
cross-gradients constraints. J. Geophys. Res. 109. http://dx.doi.org/10.1029/2003JB002 716.

Gallardo L.A. and Meju M.A.; 2007: Joint two-dimensional cross-gradient imaging of seismic travel time data for 
structural and lithological classification. Geophys. J. Int. http://dx.doi.org/10.1111/1365-46X.2007.03366.x.

Gallardo L.A. and Meju M.A.; 2011: Structure coupled multiphysics imaging in geophysical sciences. Rev. Geophys. 
49, RG1003. http://dx.doi.org/10.1029/2010RG000330.

Martorana R., Capizzi P., D’Alessandro A. and Luzio D.; 2016: Electrical resistivity and induced polarization 
tomographies to test the efficiency and safety of the new landfill of Bellolampo (Palermo, Italy). Bollettino di 
Geofisica Teorica ed Applicata, 57, 4, 313-327, doi: 10.4430/bgta0184.

Martorana R., Capizzi P., D’Alessandro A. and Luzio D.; 2017: Comparison of different sets of array con-
figurations for multichannel 2D ERT acquisition. Journal of Applied Geophysics, 137, 34–48, doi: 10.1016/j.
jappgeo.2016.12.012.

Mondelli G., Giacheti H.L., Boscov M.E.G., Elis V.R. and Hamada J.; 2007: Geoenvironmental site investigation 
using different techniques in a municipal solid waste disposal site in Brazil. Environmental Geology, 52, 871-887.

Rand W.M.; 1971: Objective criteria for the evaluation of clustering methods, J.A.S.A.




