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ABSTRACT  This contribution describes the work-in-progress within the project FREAPROB, 
funded by INGV. The ultimate goal is to seek signals or recurrent patterns within data of 
different nature (from geochemistry, geodesy, gravity and seismology), which are recorded at 
two of the best monitored volcanoes in the world, Vulcano and Campi Flegrei (Italy). In fact, 
despite the strong monitoring effort, the multivariate and objective analysis of the monitoring 
observations from different disciplines is still uncommon. The first step of our work has been the 
collection, collation and homogeneization of some of the available data. 
At Campi Flegrei, the dataset features all published geochemical data from the two main 
fumaroles (Bocca Grande and Bocca Nuova), gravity residuals, ground displacement and 
seismic activity, all recorded by Osservatorio Vesuviano in the last decades. This dataset is 
being analysed in search for recurrent patterns describing periods of higher fumarolic 
temperature or characterized by greater deformation rate.
For the case of Vulcano, data from the continuous monitoring of the crater rim's fumaroles were 
collated with the records from the monthly surveys that have been carried out in the last 25 
years to monitor the largest and most persistent fumaroles at the La Fossa crater. The fumarole 
observations (consisting of temperature and geochemical variables) were further merged with 
the observations from the seismic network to constitute the base for a multivariate analysis. Aim 
of the analysis is the identification of patterns capable of discriminating periods of high and low 
temperature at the fumaroles, or periods characterized by more intense seismic activity.
This contribution underlines and encourages the development of multivariate datasets and 
databases that allow searching, through objective statistical analysis, signals and patterns that 
are difficult to extract “by eye”.
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Data sources and references

Seismic data CF and Vulcano
Gruppo Analisi Dati Sismici, 2016. Catalogo dei terremoti della Sicilia Orientale - 
Calabria Meridionale (1999-2016 ). INGV, Catania http://www.ct.ingv.it/ufs/analisti/
catalogolist.php

GPS data Campi Flegrei until 2014: 
http://www.annalsofgeophysics.eu/index.php/annals/article/viewFile/6431/6358

Levelling data Campi Flegrei: Del Gaudio et al., 2010
Del Gaudio, C., Aquino, I., Ricciardi, G. P., Ricco, C., & Scandone, R. (2010). Unrest 
episodes at Campi Flegrei: A reconstruction of vertical ground movements during 
1905-2009, 195(1), 48–56. http://doi.org/10.1016/j.jvolgeores.2010.05.014

Gravimetric data: Todesco and Berrino, 2005
Todesco, M. (2005). Modeling hydrothermal fluid circulation and gravity signals at the 
Phlegraean Fields caldera. Earth and Planetary Science Letters.  

Gas composition Campi Flegrei: Caliro et al., 2014
Caliro, S., Chiodini, G., & Paonita, A. (2014). Geochemical evidences of magma 
dynamics at Campi Flegrei (Italy). Geochimica Et Cosmochimica Acta, 132, 1–15. 
http://doi.org/10.1016/j.gca.2014.01.021

Fumarole temperature Campi Flegrei (pre-1983):
Sicardi, L. (1941). Sulle manifestazioni dell“attività fumarolica della Solfatara di 
Pozzuoli nell”ultimo ottantennio (1856-1939). Rivista Di Scienze Naturali “Natura,” 
XXXII, 53–74.
Sicardi, L. (1956). La Solfatara di Pozzuoli. Bulletin of Volcanology, 18(1), 151–158. 
http://doi.org/10.1007/BF02596618
Sicardi, L. (1970). Recenti misure termiche alla Solfatara di Pozzuoli e qualche ancora 
necessaria osservazione. Boll. Società Dei Naturalisti, 79, 137–144.
Dall'Aglio, M., Martini, M., & Tonani, F. (1972). Rilevamento geochimico delle 
emanazioni vulcaniche dei Campi Flegrei. Quaderni De  La Ricerca Scientifica, 83, 
152–181.
Cioni, R., Corazza, E., & Marini, L. (1984). The gas/steam ratio as indicator of heat 
transfer at the Solfatara fumaroles, Phlegraean Fields (Italy) - Springer. Bulletin of 
Volcanology.
Martini, M. (1986). Thermal activity and ground deformation at Phlegrean Fields, Italy: 
precursors of eruptions or fluctuations of quiescent volcanism? A contribution of 
geochemical studies. Journal of Geophysical Research: Solid Earth (1978–2012), 
91(B12), 12255–12260.

Gas composition Vulcano: Paonita et al. (2013) GCA http://dx.doi.org/10.1016/j.gca.
2013.06.015

Fumarole temperature Vulcano 
Diliberto (in press) Long-term monitoring on a close conduit volcano. A 25 Years long 
time-series of temperatures recorded at La Fossa Cone (Vulcano Island, Italy), 
ranging from 250 °C up to 520 °C. JVGR Special Volume Taran et al.
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SOME THEORY: PATTERN RECOGNITION

Binary decision tree (BDT)

This method was developed by Rounds (1980) and, slightly 
modified, successfully applied to volcanic data by Mulargia 
et al. (1992). It can be used only in the 2-class problem and 
it was originally designed for hierarchically ordered datasets, 
even though tests on synthetic data have shown very good 
behavior also on different types of datasets. 
Once the data have been collected, and objects and 
classes have been defined, BDT integrates feature selection 
and binary decision tree according to the following steps: 

1. The fixing of a level alpha for the decision rule. This level 
represents the risk we accept of a wrong attribution at each 
step. We use α=0.01. 

2. The computation of the cumulative distribution in both 
classes for each feature taken one at a time, and the 
identification of the feature and the relative threshold value 
for which the statistical difference between the cumulative of 
the two classes is the largest. This means that the 
significance level of this statistical difference must be (a) 
lower than the level α and (b) lower than the significance 
level of the statistical difference calculated for any other 
feature. The feature (if any) for which both the (a) and (b) 
conditions are satisfied is the first-order feature, often called 
the “root” of the pattern. On the basis of the root feature and 
its threshold value, each object is assigned to either one of 
two subsets formed respectively by data with a value of the 
root feature lower/higher than the threshold. 

3. The identification of the second-order features and their 
thresholds for which the statistical difference again satisfies 
the (a) and (b) conditions. These features, which are at most 
two (i.e., one for each subset), are found by reanalyzing all 
the features in the two subsets separately, as in step 2. 

4. The repeating of step 3 for each second-order feature in 
order to identify progressively higher orders, as long as it is 
possible to find a feature for which the cumulatives in the 
two classes are statistically different at a significance level 
lower than α. The progressive branching of the tree gives all 
the possible patterns. The procedure automatically 
terminates when no further branching is possible at the 
given level α. 

Steps 2–4 are performed by means of non-parametric 
Kolmogorov-Smirnov two-sample statistics (Hollander and 
Wolfe 1973). Note that the use of an a priori fixed level α 
reduces the possibility of obtaining overfitting patterns.
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