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Wepresent an application of the k-means cluster analysis technique to a trivariate geophysical parameter set dis-
tributed over a 3 km thick and 1.2 km long section through the geothermally active Solfatara-Pisciarelli area of
the Campi Flegrei caldera (Italy). The data set consists of resistivity, P-wave velocity and density parameters, ex-
tracted from previously modeled univariate sections through the selected profile and mapped in a joint param-
eter 3D space. Six compact and separated clusters have been identified. A subsequent linear regression statistics
has allowed two distinct branches of clusters to be recognized, each represented in the joint parameter space by
the equation of a plane. Each equation and its partial derivatives define the peculiar combinations among the
used parameters. Once mapped back to the space domain, the final image has provided a grouping of the struc-
tures in two superimposed blocks with an irregular interface located at 2 kmmean depth. Based on drilling data,
subsurface stratigraphy and recent seismic activity, the interface between the two blocks has been interpreted in
terms of a substantial change in the rocks rheology inside the Solfatara-Pisciarelli volcano-geothermal system,
namely the brittle-to-ductile transition.
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1. Introduction

Geophysical methods are worldwide applied to investigate buried
structure, furnishing structural models generally originated by single
physical parameter (univariate approach). However, in principle, only
effective integration from the different geophysical methods (multivar-
iate approach) may provide an unambiguous, self-constrained geologi-
cal model, suitable for the multiple rocks physical properties (Bosch,
1999; Bosch et al., 2002). The main question is how to correctly handle
multiple datasets in the absence of well-defined a-priori relationships
between them. Actually, the very high variability range of chemical
and physical conditions within the Earth (Lees and VanDecar, 1991)
represents the primary limit to find theoretical, or even empirical but
universal, relationships between the distinct physical parameters. In
this framework, cluster analysis is considered a promising auxiliary
tool towards the integration of distinct geophysical methods (Dietrich
et al., 1998; Dietrich and Tronicke, 2009; Altdorff and Dietrich, 2010;
Song et al., 2010; Di Giuseppe et al., 2014). It can provide an unambigu-
ous linking between well-delineated spatial areas and a compact range
of values of the geophysical parameters useful for geological
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interpretation. Among the various statistical approaches, the k-means
cluster analysis technique (kCAT) application to geophysical data results
already tested (Audebert et al., 2014; Ward et al., 2014). In particular, it
has already been fruitfully used in the Campanian District (Italy) on a
joint high-resolution controlled-source audiomagnetotelluric (CSAMT)
and seismic profiles across the Irpinia active fault (Di Giuseppe et al.,
2014).

In this paper, the post-inversion scheme based on the kCAT tech-
nique is applied to the Solfatara–Pisciarelli area, within the Campi
Flegrei volcanic caldera (Naples, Italy; Fig. 1), which represents the
most active zone in terms of hydrothermal manifestations and local
seismicity in the caldera (e.g., Rosi and Sbrana, 1987; D'Auria et al.,
2011; Piochi et al., 2014). Themultiple dataset in the S\\P area consists
of a CSAMT-MT resistivity model (Troiano et al., 2014), a P-wave veloc-
ity model (Battaglia et al., 2008) and a density contrastmodel (Capuano
et al., 2013). The obtained image of the volcano-geothermal area shows
interesting relations with lithological, petrophysical and structural in-
formation from drillhole and field work studies (Rosi and Sbrana,
1987; De Vivo et al., 1989; Piochi et al., 2014; Petrosino et al., 2012).
The application of the kCAT method to the S-P area aims at showing
that the clustering approach can be used as an effectivemethod to char-
acterize complex volcano-geothermal structures and to retrieve local
relationships between distinct physical parameters.
luster analysis of the Solfatara-Pisciarelli volcano-geothermal system,
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Fig. 1. a) Aerial view of the Campi Flegrei composite caldera (Naples, Italy). Themain faults and the location of the deep boreholes are reported, together with the Neapolitan Yellow Tuff
and theCampanian Ignimbrite rims and themain caldera craters. b)Aerial view of the Solfatara crater and adjacent Pisciarelli area. The green line indicates the common geophysical survey
line. The white lines indicate themajor faults. Red lines indicate the Solfatara crater rims. BG and LF indicate Bocca Grande and La Fangaia (mud pool) main fumaroles fields, respectively.
PiS indicates the main Pisciarelli vent. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2. Volcanological outline

2.1. The Campi Flegrei caldera

The Campi Flegrei (CF) is a complex caldera with a ca. 2 km average
diameter (Fig. 1a), formed during two large volume eruptions, namely
the 39 ka BP Campanian Ignimbrite and the 15 ka BP Neapolitan Yellow
Tuff (Vitale and Isaia, 2014, and reference therein). The caldera, site of
volcanism up to 1538 CE (Rosi and Sbrana, 1987), has always been
characterized by intense deformation producing fault systems, amarine
terrace and significant changes of the ground level (Parascandola, 1947;
Dvorak and Mastrolorenzo, 1991; Rosi and Sbrana, 1987). The most
recent episodes of large ground deformation dated at 1970–72 and
1982–84, originated a cumulative maximum uplift of over 3.5 m,
accompanied by intense seismicity. In particular, during the 1982–84
crisis N15,000 earthquakes,mainly occurring in swarms, were recorded,
with magnitude up to 4.2 and hypocentres locatedwithin the first 4 km
of depth mostly around the Solfatara area (De Natale et al., 2006;
D'Auria et al., 2011).

Geophysical surveys and drilling explorations have so far allowed a
quite good knowledge of the subsurface structure of the caldera (see
Rosi and Sbrana, 1987, and reviews in Troiano et al., 2014, and Piochi
et al., 2014). The CF deep structure resulting from active and passive
seismic, electromagnetic and potential field data is given in Troiano
et al. (2014). In synthesis, a coherent sourcemodel suggests a quenched
magma reservoir (likely a mush) localized below 4–5 km of depth, off-
shore in the caldera centre, overlying an extended magma sill found at
7–8 km of depth (De Natale et al., 2006; Battaglia et al., 2008). Based
on data from deep drillings (Fig. 1a), the structure at depths b3 km is
filled by mostly pyroclastic and volcanoclastic deposits; in the caldera
centre the infilling sequence is ca. b1750m and sediments were recov-
ered at ca. N2250mof depth (Rosi and Sbrana, 1987; Piochi et al., 2014).
Furthermore, the buried structure is characterized by a thermo-
metamorphic layer at ca. 2500 m of depth, where temperatures reach
up to ~350 °C, and three major hydrothermal facies, according to
Please cite this article as: Di Giuseppe, M.G., et al., A geophysical k-means c
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temperatures and fluid salinity, i.e. propylitic, phyllic and argillic (Rosi
and Sbrana, 1987; De Vivo et al., 1989; Piochi et al., 2014; Mormone
et al., 2015). Clay minerals in the argillic and phyllic facies are illite,
glauconite, chlorite and montmorillonite, pyrite is the main sulphide
at depth ca. N1700 m.

2.2. The Solfatara-Pisciarelli hydrothermal area

The Solfatara-Pisciarelli (S-P) area (Fig. 1b) is the most active zone
within the CF caldera. It is well-defined by solfataric mineralizations
resulting from the intense hydrothermal activity (Rosi and Sbrana,
1987; Piochi et al., 2015).

The Solfatara volcano is a tuff cone formed ca. 4100 years ago, which
generated a low-magnitude explosive eruption that ejected tephra over
a small area (b1 km2) (Di Vito et al., 1999). Twomain fault systems dis-
sects the cone, determining the angular shape of the crater: a NE-SW
one and a SE-NW fault system, both associated with themain fumarolic
vents. The last one trends offshorewhere it produced the seafloor defor-
mation (Milia et al., 2000). Hydrothermal activity has long been consid-
ered a direct indicator of the present volcanic dynamics. Currently, it
exhibits the most impressive degassing manifestations with tempera-
tures up to 150°-160 °C inside the crater. A direct relationship has al-
ways been observed between the increase of hydrothermal activity in
the Solfatara crater and the ground uplift in the CF caldera (ov.ingv.it).
A numerical modelling of the unrests (Troiano et al., 2011, and refer-
ences therein) highlighted a strong correlation between chemical com-
position of the S-P fumaroles, seismicity and ground movements, likely
resulting from periodic injections of hot CO2-rich fluids at the base of a
relatively shallow hydrothermal system.

The Pisciarelli area is located outside the Solfatara crater. It extends
from the north-eastern slopes of the Solfatara volcano to the western
margin of the nearby Agnano plain (Fig. 1a). Near the Solfatara, the
Pisciarelli area is characterized by a fumarole field (Fig. 1b), which has
manifested an increase of activity marked by a nearly linear trend of
the peak temperatures, from about 97 °C up to around 112 °C, from
luster analysis of the Solfatara-Pisciarelli volcano-geothermal system,
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2003 up to date (Piochi et al., 2015). The increase of activity has also
been marked by the opening of new vigorous vents and degassing
pools, and by local seismic activity (D'Auria et al., 2011; Piochi et al.,
2015).
3. Geophysical outline of the Solfatara-Pisciarelli hydrothermal area

Geophysical applications have allowed a detailed imaging of the
subsurface structure of the Solfatara crater. A high degree of heteroge-
neities characterizes the first few hundred meters of depth. Starting
from the pioneering gravity survey by Oliveri del Castillo et al. (1968),
the crater has become the site of several geophysical surveys. Bruno
et al. (2007), integrating near-surface TDEM, ERT, and seismic profiles
with hydrogeological investigations, characterizing the subsoil beneath
the crater, down to about a few tenmeters depth. Petrosino et al. (2012)
obtained an image of the shallow crustal structure of Solfatara by corre-
lating the local seismic noise with the results of a volcanological and
morphostructural survey. Letort et al. (2012) inferred the main subsur-
face features of the Solfatara crater by correlating active and passive
seismic data with CO2 flux and soil temperature maps. Troiano et al.
(2014) obtained a CSAMT-MT resistivitymodel along a 1.2 km long sec-
tion across the Solfatara-Pisciarelli area. Themodeled section across the
profile has essentially been divided in three zones. In such a way a
water-saturated, high-pressurized geothermal reservoir under the Sol-
fatara crater, a vertical plume like structure associated with a steam/
gas-saturated column, and a hydrothermally mineralized, clay-rich
body localized beneath the Pisciarelli area have been identified. More-
over, a few very recent electrical tomography surveys have detailed
the near-surface of the Solfatara crater. (Byrdina et al., 2014; Di
Giuseppe et al., 2015; Isaia et al., 2015).
Fig. 2. a) Density contrast (Δσ) model section extracted from the 3D gravity model of the CF cal
the real and imaginary parts of the impedance tensor (Troiano et al., 2014). A common logarithm
3D tomographic inversion based on travel time recordings frompassive and active seismic exper
refer to the common line depicted in green in Fig. 1b.

Please cite this article as: Di Giuseppe, M.G., et al., A geophysical k-means c
Campi Flegrei (Naples, Italy), Journal of Applied Geophysics (2017), http:
3.1. Cluster analysis

The datasets utilized in the kCAT application to the S-P geothermal
area are the CSAMT-MT resistivity (ρ) model (Troiano et al., 2014),
the density contrast (Δσ) model by Capuano et al. (2013) and the P-
wave velocity (VP) model by Battaglia et al. (2008). Both the density
contrast and P-wave velocity models have been extracted from large
scale 3Dmodels of thewhole CF caldera,whereas the logρ values belong
to a more resolved 2D section. The three univariate sections across the
green line in Fig. 1b are separately depicted in Fig. 2.

Before illustrating the kCAT analysis, a few lines of comment are
needed about the nature of the comparison among different geophysi-
cal distributions with different resolution on a common grid. In princi-
ple, the integration of datasets from different experiments, made at
different times and by different groups, is a problematic approach. Nev-
ertheless, owning a multiple dataset in a complex and highly risky vol-
canic area, is an uncommon, favorable opportunity, deserving more
insights. In the present case, the crucial aspect is that the logρ, VP and
Δσ sections of Fig. 2 result from interpolations onto independent sets
of grid points. This result particularly true considering the intrinsic
difference in resolution exist between the three considered models.
As stated before, the VP and Δσ sections have been extracted from
large-scale 3Dmodels of the whole CF caldera, whereas the logρ values
belong to a more resolved 2D section. Furthermore, while a uniformly-
spaced grid is commonly used in seismic and gravity inversion, in
magnetotellurics a non-uniform model grid, which progressively
coarsens with both depth and distance from the measurement sites, is
required (e.g. Vozoff, 1987). Therefore, to make the sections as much
comparable as possible, we decided to use as common basis for the
kCAT analysis, the wide-mesh grid of the deeper portion of the
CSAMT-MT section. Following Bedrosian et al.'s (2007) general
dera (Capuano et al., 2013). b) Resistivity model section obtained from the 3D inversion of
ic scale is used for the resistivity. c) P-wave velocity (VP)model section extracted from the
iments over thewhole theCF caldera (Battaglia et al., 2008). The three geophysical sections

luster analysis of the Solfatara-Pisciarelli volcano-geothermal system,
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discussion about this problem, in order to test whether the VP and Δσ
estimated 2D distribution and the original 3D distribution were statisti-
cally similar (Muñoz et al., 2010), the Q-Q plot method (Isaaks and
Srivastava, 1990) was adopted. Fig. 3 shows the result of this statistical
check, where the Q-Q plots for the initial 3D dataset (plot a) and the es-
timated 2D profile (plot b) are drawn. We observe a marked similarity
of the two Q-Q plots, which ensures that the interpolation procedure
has retained the original statistical distribution, without introducing
artifacts.

Comingnow to the kCAT analysis, atfirstwe have integrated the uni-
variate resistivity, velocity and gravity models, by projecting the set of
variables xi = (logρ, VP, Δσ)i (i = 1,2, …,N, being N the total number
of mesh points) onto a common joint parameter space (JPS). Technical-
ly, after extracting the independent data at the nodes of a regular mesh
covering the sections across the common profile, each triplet of values
belonging to the same point in the model sections has been projected
onto a 3D space graphically represented as in Fig. 4a, i.e. as a tri-
rectangular system with mutually orthogonal axes Δσ, logρ and VP.
The JPS scatterplot in Fig. 4a thus provides a first insight into the param-
eter correlation.

At this point, a new set of variables, zi (i=1,2,…,N), was derived by
sphering the data, i.e. by transforming the data into variables with zero
mean value (using the euclidean distance) and a covariance matrix
given by the identity matrix (Klemelä, 2009). The dataset was
Fig. 3. Quantile-quantile (Q-Q) plots for similarity check between initial and estimated seismic
Δσ from the original 3D model distributions. Curve (b) is the Q-Q plot of VP versus Δσ after in
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transformed at this stage, because if the standard deviations of the pa-
rameters are different, onemight dominate in the clustering procedure.

The adopted transformation is expressed by the following
relationship:

zi ¼ Λ−1=2Q T xi−xð Þ; i ¼ 1;2;…;Nð Þ; ð1Þ

where the columns of Q are the eigenvectors that are obtained from the
sample covariance matrix, Λ is a diagonal matrix of the corresponding
eigenvalues, and x is the average set of variables.

This homogenizing procedure provides a set of normalized values
for each of the mesh grid elements, and consequently for each spatial
location. In this way, a new JPS is defined, in which the statistical corre-
lation in the dataset can be fully investigated. To this purpose, as previ-
ously anticipated, the cluster analysis technique has been chosen.

Clustering is a process of organizing a set of data into groups via an
optimization criterion, in such a way that the observations within any
particular group are more similar to each other than they are to the ob-
servations belonging to a different cluster (Jain, 2010). A wide range of
partitioning methods is available in the literature that are distinct ac-
cording to the nature of the objective function and the algorithm used
to come up with the final clustering (for further details, see Halkidi
et al., 2001).
(VP) versus density contrast (Δσ) point distributions. Curve (a) is the Q-Q plot of VP versus
terpolation along the 2D section across the common survey line of Fig. 1b.

luster analysis of the Solfatara-Pisciarelli volcano-geothermal system,
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Fig. 4. a) Scatterplot of the univariate logρ, VP and Δσmodels, depicted in Fig. 2, projected onto the tri-rectangular joint parameter space. b) kCAT clustered scatterplot of the univariate
logρ, VP and Δσ models, depicted in Fig. 2, projected onto the tri-rectangular joint parameter space. c) RS validation index with changing number of clusters, k, for the analysis of the
resistivity, velocity and density models through the kCAT algorithm, depicted in Fig. 2. d) kCAT clustered trivariate model section across the common survey line of Fig. 1b, obtained by
combining the univariate logρ, VP and Δσ models, depicted in Fig. 2. e) Centroidal coordinates of the trivariate geophysical classes of Fig. 4d, deduced by the kCAT analysis performed
in the joint parameter space of Fig. 4b.
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We have adopted the k-means cluster analysis technique (kCAT)
that was independently introduced into various scientific fields by
Steinhaus (1956), Ball and Hall (1965), MacQueen (1967), and Lloyd
(1982). It is one of themostwidely used algorithms for the classification
of a given dataset through several clusters, as an a-priori fixed number,
k. The motivations that lie behind the choice of the kCAT, altogether
with the related issues will be discussed in the following. The main
idea of this technique consists in the definition of k centroids, or
means points, one for each cluster Si, by minimizing a norm of the kind

V ¼ ∑
k

i¼1
∑
z j∈Si

z j−zi
� �2

; ð2Þ

where zi are the mean points of all zj∈Si. Initially, the centroids are
placed randomly. Each point belonging to the dataset is ascribed to
the class linked to the closest centroid, thus obtaining the first data par-
tition. Subsequently, the barycentre of each cluster is recalculated by
Please cite this article as: Di Giuseppe, M.G., et al., A geophysical k-means c
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adopting a suitable norm (in our case, a simple Euclidean distance).
Using this upgraded set of centroids, further binding ismade to generate
the new classes. By iterating the procedure, a loop is generated with the
k centroids that change their location at each step. Accordingly, the clus-
ters change their composition, until convergence is reached when the
classes do not vary any more.

One of the issues that must be addressedwhen using the kCAT is the
determination of the optimal cluster number k. Unfortunately, there are
no theoretical solutions to define k beforehand, and its estimation is a
key question that arises during data mining. Usually, clustering algo-
rithms are run with different values of k. The best value of k is then cho-
sen based on a predefined criterion, aimed to obtain a compromise
between good data clustering and acceptable physical interpretability.
The procedure to estimate k using an external criterion is known as clus-
ter validity. On this basis, a number of validity indices have been defined
and proposed in the literature, including the Bayes information criterion
and the Akiake information criterion (Xie and Beni, 1991; Sharma,
luster analysis of the Solfatara-Pisciarelli volcano-geothermal system,
//dx.doi.org/10.1016/j.jappgeo.2017.06.001
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Fig. 5. Gaussian mixture clustered scatterplot of the univariate logρ, VP and Δσ models,
depicted in Fig. 2, projected onto the tri-rectangular joint parameter space. (For
interpretation of the references to colour in this figure, the reader is referred to the web
version of this article.)
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1996; Rezaee et al., 1998; Theodoridis and Koutroubas, 1999; Halkidi
et al., 2000). In spite of thenumber of different objective criteria applied,
it still remains difficult to decide which value of k leads to meaningful
clusters. In the evaluation and selection of an optimal clustering scheme,
for our application we stress two of the available criteria (Berry and
Linoff, 1996), namely ‘compactness’ and ‘separation’. Compactness
means that the members of each cluster should be as close to each
other as possible. A common measure of compactness is the variance,
which should be minimized. Separation means that the clusters them-
selves should be widely spaced.

As validation index, in the present studywe have used the R-squared
(RS) index (Halkidi et al., 2000; Sharma, 1996), which is defined as

RS ¼ SSt−SSw
SSt

¼ SSb
SSt

; ð3Þ

where SSt is the total sum-of-squares distance between the points be-
longing to the whole dataset, SSw is the sum-of-squares distance within
each single group, and SSb is the sum-of-squares distance between
points belonging to the distinct groups.

The RS index value of a given cluster set is the ratio between SSb and
SSt. As can be seen, SSb is a measure of the difference between the
groups. Since SSt = SSb + SSw, the greater is SSb, the smaller is SSw,
and vice versa. As a result, the greater the differences between the
groups are, the more homogeneous each group is, and vice versa.
Thus, RS can be considered as a measure of the degree of difference be-
tween the clusters. Furthermore, RS also measures the degree of homo-
geneity in each group. The values of RS vary between 0 and 1. If RS is
zero, then there are no differences among the groups. On the other
side, if RS is 1, this is an indication of significant differences among the
groups. The optimum number of clusters is reached when the addition
of another cluster does not substantially modify the information in the
dataset. In our case, we iterated the clustering algorithm for k varying
from 2 to 15 classes, and we obtained a clear bend in the RS curve. The
crucial area is centered at k = 6, as shown in Fig. 4c. This is thus a suit-
able constraint for the clustering class number selection.

The resulting data clustering is shown in Fig. 4b for the non-
normalized dataset. As each point in the JPS is related to a point in the
physical space, every class can bemapped back from the JPS to the spa-
tial domain. In this way, a whole joint depth section is obtained across
the selected profile of Fig. 1b, as shown in Fig. 4d. Every single class is
characterized by a set (logρ, VP,Δσ),which is defined by the coordinates
of the relative centroid listed in Fig. 4e.

Although, as previously stated, there is no definitive criterion avail-
able to estimate the best number k of distinct classes, the result of the
application of the kCAT algorithm to the S-P dataset, depicted in Fig. 4,
can be considered an acceptable partitioning of the relative JPS. To this
purpose, we note that the resulting classes are constrained in shape
and are separated in the JPS representation of Fig. 4b, which is coherent
with the RS index convergence towards 1, already at low class numbers,
as shown in Fig. 4c. Moreover, and more significantly, the partition into
distinct zones retains its compactness and sharpness even when the JPS
classes aremapped back in the physical space, to compose the joint sec-
tion shown in Fig. 4d.

4. Discussion

4.1. Significance of the kCAT analysis

An interesting aspect of the kCAT arises when the existence of rela-
tionships between the physical parameters can directly be inferred
from the scatterplot. Such a possibility was investigated by Di
Giuseppe et al. (2014) in the study of a simple logρ–VP bivariate cou-
pling. We extend now this approach to the present logρ–VP–Δσ
trivariate coupling.
Please cite this article as: Di Giuseppe, M.G., et al., A geophysical k-means c
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The scatterplot in Fig. 4a and b shows a peculiar distribution of the
clusters in two distinct branches, in each of which the three parameters
involved appear to be linearly related to each other. The first branch in-
cludes the red, green and cyan clusters, and the second one the yellow,
magenta and blue clusters. Considering the indications of this visual in-
spection, a more quantitative way to substantiate such subdivision has
to be looked for. To such aim, a Gaussianmixture approach can be intro-
duced,which approximate the probability density functions (pdf) of our
trivariate variables to the sum of an assigned number of trivariate
Gaussian (Bedrosian et al., 2007; Ward et al., 2014). Once identified
the Gaussian best-fit combination for our dataset, characterized by spe-
cific mean values and variances, linking each point of the parameter
space to the Gaussian of nearest mean value, a classification of the
data has been obtained, summarized in Fig. 5. In such way the two
branches previously identified through a non-quantitative visual in-
spection have been defined in a more rigorous manner. For each one
of the two branches, a least-squares trivariate linear regression have
been subsequently performed, thus obtaining the result shown in
Fig. 6, where the two distinct interpolating planes are represented.
The goodness of fit parameters R2 values indicate that the 80% and the
62% of the variance is taken into account for the two branches,
respectively.

The equation of the plane reported in Fig. 6 permits 6 partial deriva-
tives, which occupy off-diagonal positions in the following matrix

1 ∂ logρ=∂vPð ÞΔσ ∂ logρ=∂ΔPð ÞvP
∂vP=∂ logρð ÞΔσ 1 ∂vP=∂Δσð Þ logρ
∂Δσ=∂ logρð ÞvP ∂Δσ=∂vPð Þρ 1

2
64

3
75 ð4Þ

In the matrix above, the subscripts denote the variable that is held
fixed. It is easy to prove that the mutual relations between each pair
of variables are fully reversible, hence each termbelow the leadingdiag-
onal is the reciprocal of the corresponding term above that diagonal. In
this sense, the matrix is phenomenologically symmetric. Each point of
the scatterplot diagram in Fig. 4a can be thus considered as a three-
phase elementary cell in the JPS, namely the Δσ-constant phase, the
VP-constant phase and the logρ-constant phase.

Inserting the numerical values of the coupling coefficients given in
Fig. 6, the explicit expressions of the partial derivatives are obtained
for the cluster branches g1 (red dots in Figs. 5 and 6) and g2 (blue
luster analysis of the Solfatara-Pisciarelli volcano-geothermal system,
//dx.doi.org/10.1016/j.jappgeo.2017.06.001
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Fig. 6. Representation of the planes interpolating the Gaussian Mixture cluster groups g1
(brown claster) and g2 (blue cluster) of Fig. 5 in the joint parameter space. (For
interpretation of the references to colour in this figure, the reader is referred to the web
version of this article.)
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dots in Figs. 5 and 6) as reported in Table 1. Due to the reciprocity prop-
erty, we report only the terms above the leading diagonal of the matrix
in Eq. (4).

In the following, we investigate the significance of the partial deriv-
atives, taking in due consideration the volcano-geothermal contextwith
which the original dataset is related.We assume the convention that the
numerator is the effect, caused by the denominator.

4.1.1. (∂ logρ/∂vP)ΔσN0
We refer to the σ-constant phase. Since it is VP = [(λ + 2 μ)/σ]1/2,

with λ and μ the Lamé parameters, a variation of VP is the result of a var-
iation of the elastic properties of themedium. At constant σ, VP in rocks
has been shown to decrease with increasing effective pressure, defined
as overburden pressure minus pore pressure (Brace, 1972). Moreover,
for rocks where conduction is primarily through minerals, at low effec-
tive pressure, ρ decreases with increasing effective pressure (Brace and
Orange, 1968). While, where conduction is primarily through a contin-
uous network of electrolyte-filled cavities (pores, cracks, fractures),
only rocks partially saturated with electrolytes become less resistive
as the effective pressure increases (Brace and Orange, 1968). In both
cases, the sign of the changes in VP and ρ is the same, hence the corre-
sponding partial derivative is always positive.

In the S-P area, both types of conduction have been shown to occur
along the section. Recalling Troiano et al. (2014), the zone below the
Solfatara mud pool, was ascribed to a water-saturated, high-
pressurized geothermal reservoir. In the zone below Piscarelli, metal-
like conduction was, instead, supposed to be dominant, likely due to
widespread (up to 5–10%) pyrite, as observed in deep drillings at
Table 1
Numerical values of the partial derivatives of the variables in the equation of the plane
interpolating the cluster branches g1 and g2. The third column (g1/g2) reports the values
of the ratios of the homologous partial derivatives.

g1 g2 g1/g2

ð∂logρ
∂VP

Þ
Δσ

¼ 1:9 � 10−3 ½Ωs� ð∂logρ
∂VP

Þ
Δσ

¼ 6:3 � 10−5 ½Ωs� 30.16

ð∂logρ
∂Δσ

Þ
VP

¼ −22:94 ½Ωkg−1m4� ð∂logρ
∂Δσ

Þ
VP

¼ −59:07 ½Ωkg−1 m4� 0.39

ð∂VP

∂Δσ
Þ
logρ

¼ 1:2 � 104 ½kg−1m4s−1� ð∂VP

∂Δσ
Þ
logρ

¼ 9:3 � 105 ½kg−1m4s−1� 0.013
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comparable depths (Chelini and Sbrana, 1987; Mormone et al., 2011).
The high conductivity in this zone can also be determined by the
presence of highly saline fluids at the temperature of 300 °C detected
at −1840 m of depth at the CF23 deep hole (Fig. 1a), drilled near the
NE extremity of the profile under analysis (green line in Fig. 1b)
(Carlino et al., 2012; Piochi et al., 2014).

It is worth mentioning that the partial derivative in question is in g1
more than one order ofmagnitude greater than in g2 (see 3rd column in
Table 1). We remark that in g2, the condition of low effective pressure
can still be admitted, because the increase of the confining pressure is
compensated by an increase of the pore pressure with depth, due
to the less space available for cavities. On its turn, the tendency to
pore/crack closure with depth reduces the continuity of the
ionic paths. Therefore in g2 the result can be a lower decrease of
ρ with decreasing VP.

4.1.2. (∂ logρ/∂Δσ)vPb0
We refer now to the VP-constant phase, which requires a constant

(λ + 2 μ)/σ ratio. Under such assumption, variations of σ can likely be
due to varyingweight percentages of neogenicminerals in the rock cav-
ities due to hydrothermal alteration. Resistivity is thus expected to be
directly related to density, moving downward through the various geo-
thermal facies, unless we are in presence of heavymetallic minerals de-
posited along the fluid pathways, in which case resistivity decreases
with increasing density. In the CF area, this last case is supported by
cored rocks that, as already stated, evidence widespread pyrite, whose
conductivity (e.g. Pridmore and Shuey, 1976) is some orders of magni-
tude higher than that of the other minerals filling the fractures (e.g.
Mormone et al., 2015).

We observe in Table 1 that in g1 such variation is lower compared to
g2, where a slightly greater amount of metallic mineral particles should
therefore be found.

4.1.3. (∂vP/∂Δσ)logρN0
We refer at last to the ρ-constant phase. Such a phase can be allowed

when the rock cavities contain volatiles (steam/gas) and non-metallic
mineral particles. An increase of the non-metallic mineral deposition,
at the expense of the volatile component, causes an increase of both
density and velocity. Conversely, an increase of the volatile component
in the cavities, at the expense of the non-metallic solid particles, gener-
ates a decrease of both density and velocity. Under these circumstances,
the above inequality of the partial derivative is always satisfied.

We observe in Table 1 that in g1 such variation is two order of mag-
nitude lower compared to g2, where the cavities should thus contain a
greater amount of volatiles.

A further important aspect that characterizes this last phase in both
cluster groups, is that VP andΔσ are linearly related to each other, which
implies that (λ + 2 μ) ∝σ3.

4.2. A few more considerations about kCAT

As stated before, the kCAT represents a well consolidate technique,
already applied in geophysics. However, a few cautions should be
adopted every time a statistical approach is considered. In particular
the reasoning behind selection of the clustering method should be
clearly outlined. In our case, high density regions of points appear to fol-
low the boundaries of the scatterplot. Being our kCAT implementation
constructed on a Euclidean-based norm, issues arise when the data dis-
tribution is anisotropic, which is clear in the results shown. So kCAT
could not be totally appropriate for the data itself and some alternative
density-driven clusteringmay lead tomore statistically viable results. In
order to check such question, the commonly-usedmean shift clustering
(Comaniciu andMeer, 2002),which assigns points to a cluster based the
gradient density of the dataset has been performed and the correspond-
ing results are reported in Fig. 7. As first consideration, the number of
clusters need not be predetermined in the mean shift framework,
luster analysis of the Solfatara-Pisciarelli volcano-geothermal system,
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Fig. 7.Mean Shift clustered scatterplot of the univariate logρ, VP and Δσmodels, depicted
in Fig. 2, projected onto the tri-rectangular joint parameter space.

Fig. 8. a) Trivariate model section across the common survey line of Fig. 1b, obtained
mapping back into the physical space the two groups evidenced in Fig. 5. L1 is the top
layer corresponding with the cluster group g1; L2 is the bottom layer, corresponding
with the cluster group g2.
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once a bandwidth parameter bw has been settled. In our case a choice of
bw = 1 has been imposed, due to the fact that data have been normal-
ized following Eq. (1) e.g. have zero mean and unitary covariance. In
such a way the best class number results of six, similarly to what has
been found analyzing the knee-curve of the RS index performed on
kCAT clustering, shown in Fig. 4c. The data partitioning itself retain a
rather similar structures, apart for someminor differences. As a conclu-
sion, the result of kCAT seems not to be influenced from the anisotropic
distribution of the data in a significant way.

A further comment concerns the meaning that can be attributed to
the various clustering techniques, as kCAT or mean shift, when treating
geophysical dataset. Essentially two approaches can be retrieved in Lit-
erature. Clustering has been considered as a simplification tool towards
a full joint inversion of the data (Paasche and Tronicke, 2007;
Moorkamp et al., 2013; Carter-McAuslan et al., 2015; Sun and Li,
2016), which still remains an extremely complex task not only for com-
putational reason but firstly for the lacking of relationships linking the
various physical parameter of the rocks. Moreover, it has been consid-
ered as a tool to classify in a schematic manner the various lithotypes
present in each single univariate section (Bedrosian et al., 2007; Ward
et al., 2014). Considering also the findings of Di Giuseppe et al. (2014),
a significant amount of original information could arise from the clus-
tering analysis ofmultivariate geophysical dataset,which could be total-
ly hidden when the single univariate sections are considered. In other
terms, the clustering sections combine the data in away that represents
more than a simple superimposition of the univariate sections, being
not a true image of the subsoil but a combination of the structures in a
joint framework. In the present case, mapping back in the physical
space the two groups g1 and g2 evidenced in Fig. 5, the resulting
model section indicates a sequence of two blocks, L1 and L2, as reported
in Fig. 8. The L1-L2 interface can be retrieved also considering themeans
shift technique described before, without any particularly change due to
the different statistical approach. Even considering the Gaussian
mixture related clustering, the interface still remains substantially
unchanged. It is extremely worth to note that one could be lead to
think that a similar effects could be maintained also in the case of k =
2 manual selection for the number of classes in the kCAT, but this is
not the case. In our opinion this represents a particularly significant re-
sults that evidences how the clustering represents a supplementary
source of information. A physical key of reading of such statement lay
in the fact that the classes identified through the kCAT are associated
to some lithological or physical properties distinguishing the subsoil
rocks. This result presents a direct volcanological significance, as will
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be discussed in the next section. This rationale results strictly linked to
the different geophysical behavior of the distinct properties of rocks.
There is, in fact, awide range of structures presenting different signature
when interrogated by different geophysical methodologies. As example,
it is possible to consider the literature concerning the saline domes geo-
physical imaging, a kind of structure presenting, as known, a different
electromagnetic and seismic behavior (Key et al., 2006). In the section
of Fig. 4d some of the univariate features apparently disappear. This is
the case of the interface between the Solfatara and Pisciarelli identified
by the CSAMT-MT survey (Fig. 2b), the density change between 700 and
1300m (Fig. 2a) or the drastic change of VP after 2000mdepth (Fig. 2c).
On other hand, the two blocks sequence of Fig. 8 simplifies the struc-
tures evenmore. However, the sections of Figs. 4d and 8 group together
very diversified structures and this grouping leak on a totally quantita-
tive statistical basis founded on some common properties of rocks,
which physical and lithological meaning has to be guessed. In the un-
derstanding of the nature of this element lay the gain of knowledge
that can be obtained through the clustering approach.

4.3. Volcanological insight

As stated in the end of the previous section, our analysis allows to
map the two groups g1 and g2, evidenced in Fig. 5, back in the physical
space, as shown in Fig. 8. The resulting model section indicates a se-
quence of two blocks (L1 and L2). The L1-L2 interface, located at 2 km
luster analysis of the Solfatara-Pisciarelli volcano-geothermal system,
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mean depth b.g.l. beneath the Solfatara crater, becomes gently
shallower to the SW, and abruptly rises up to ca. 1500 m depth b.g.l.
to the NE, i.e. beneath the Pisciarelli area.

The L1-L2 interface may represent either (1) the limit of the marine
sediments, underlain by the pyroclastic sequence, or (2) the transition
towards deep geothermal mineralization facies, or (3) the brittle-
ductile transition. To help assess the consistency of the three hypothe-
ses, it is possible to consider the main volcanological features of the
area, derived also from the nearest deep wells CF23 and SV1 (Fig. 1a),
located at about 3.5 km NW from the S-P area.

The possibility that the L1-L2 interface may represent a trace of
the floor of the CF caldera is, indeed, poorly constrained. On the
other hand, it must be stressed the L1-L2 interface is the result of a
geophysical clustering process, which groups very diversified geo-
volcanologic structures, strongly altered given the particular physical
conditions of the area. Therefore, it seems difficult to imagine, at least
in principle, that, in the examined area, the interface in question may
be described as a very specific marker of a homogeneous geological
discontinuity.

As it concerns the second hypothesis, as previously stated, the resis-
tivity dropwith increasing density within the upraised portion of the L2
block beneath the Pisciarelli area can be justified by the presence of
widespread conductive pyrite (Piochi et al., 2015). Thereby, the L1-L2
transition could represent the increasing of geothermal alteration with
depth from the argillic to the propylitic facies.

About the third hypothesis, we remember that the transition
from brittle to ductile rock behavior is a substantial change in rock rhe-
ology in volcano-hydrothermal systems (Fournier, 1999; Rye, 2005;
Hurwitz et al., 2007). It is normally placed where the temperature is at
350–450 °C (Hurwitz et al., 2007). The geothermal gradient measured
inside the CF caldera, with value of 150–220 °C km−1 (Chelini and
Sbrana, 1987), indicates that the rheological transition may be located
in a wide depth range from 1.6 km down to 3 km b.g.l. At the CF23 bot-
tom hole (ca. 1840 m), the temperature is 300 °C (Carlino et al., 2012;
Piochi et al., 2014). Based on field (e.g., Rosi and Sbrana, 1987; Piochi
et al., 2015) and geochemical (Piochi et al., 2014, and references
therein) evidences, the 300 °C isotherm, generally flat beneath the CF
caldera at ca. 2000 m depth, it is likely that may rise up to shallower
depths below the active S-P area.

A strong support to the third hypothesis is provided by the analysis
of the location of the seismic events recorded during the recent CF cal-
dera unrest (from 2004 to 2014). The majority of the long-period (LP)
and volcano-tectonic (VT) seismic events happened in the neighbor-
hood of the S-P complex, with the largest number of hypocentres
(≈90%) clustered at 2 km of depth, and ≈50% at 2 km. D'Auria et al.
(2011) have interpreted the LP events as the effect of fluid injection
and pore pressure diffusion across the transition from a ductile to a brit-
tle crust, and theVT events as the effect of the diffusion of deeper ductile
strain (creep) along the shallower brittle crust. In both cases, a transi-
tion from a brittle to a ductile zone has been postulated at a depth
fully compatible with our findings.

On the basis of such considerations, we feel now we can interpret
the non-flat interface discontinuity retrieved by the kCAT analysis in
the S-P area as a local evidence of the transition from the brittle zone
to the underlying ductile zone. Such context can integrate the resistivity
decrement determined by the geothermal alteration facies, rich in py-
rite. In fact, sulphides-bearing ore mineralizations may develop above
the ductile-brittle transition (Rye, 2005).

The L1-L2 boundary dislocation of up 700 m relates very well with
the surface traces of the SE-NW faults system (Rosi and Sbrana, 1987;
Di Vito et al., 1999), cutting almost transversally the profile under anal-
ysis (see Fig. 1b). This dislocation should have been originated by the re-
cent tectonics that produced the downthrow of the west side,
consistentlywith evidence recovered offshore (Milia et al., 2000). It cor-
respondswith the plume-like body detected across the CSAMT-MT pro-
file (Fig. 2b) (Troiano et al., 2014). The dislocation, therefore, allows the
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large hot gas discharges from the brittle zone, characterized by a near-
hydrostatic pressure distribution, towards the overlain ductile zone,
where there is a progressive decrease in permeability and pressures ap-
proach a near-lithostatic distribution (Carlino and Somma, 2010), de-
pending on the strain rate (Turcotte and Schubert, 2014).

From the previous analysis of the physical properties of the g1 and
g2 cluster branches that characterize the blocks L1 and L2, respectively,
it seems plausible to admit that the transition from ductile to brittle
would act as a sort of permeability barrier. We are admitting, in fact,
that in the ductile, less permeable L2 layer, fluids, in non-vapour
phase, should migrate slowly, and heat should flow mainly by conduc-
tion. Conversely, in the brittle L1 layer, muchmore permeable due to in-
crease of fracturing, heat transport should occur mainly by advection,
and the abrupt pressure fall would produce flashing of the fluid coming
from L2 through the interface, which enriches the vapour phase in the
fractured rocks of L1. Therefore, the transition from L2 to L1would pre-
vent the liquid phase to be entirely found within the L1 layer, thus act-
ing like an impenetrable barrier for it. In this context, the dislocation
well explains the gas discharge and the alteration features observed in
the S-P area.

5. Conclusion

The application of the kCAT method to the Solfatara-Pisciarelli
volcano-geothermal area has shown that the clustering approach can
be used as an effectivemethod to characterize buried structures in pres-
ence of complex geological settings and to retrieve local relationships
between distinct physical parameters. In the joint analysis of a trivariate
geophysical dataset, the impact of the kCAT analysis should be appreci-
ated also in situations showing negative responses. Indeed, a strongly ir-
regular or even a random redistribution of clusters along the joint
section would be indicative of a lack of physical meaning in the param-
eter correlations, and hence in the reconstructed section.

To enhance the predictive character of the kCAT approach, an inter-
esting aspect is the search for relationships between the physical pa-
rameters directly inferred from the scatterplot. The trivariate
regression tool applied to the resistivity, P-wave velocity and density
scatterplot diagram at the Solfatara-Pisciarelli site has shown the
possibility to assemble the clusters in two main groups. Projected onto
the real space domain, the two cluster groups have been seen assume,
within the section through the volcano-geothermal body, a two-layer
geometry with the interface at the mean depth of 2000 m b.g.l.,
dislocated along the SE-NW fault system that interests the north-east
crater rim. Each group results characterized by a different linear
relationship between the mentioned three geophysical parameters,
mathematically represented by the equation of a plane in the joint
parameter space.

Moreover, the analysis of the partial derivatives has allowed the
structural features to be distinguished between the two layers. The
equations deducted from the kCAT analysis define the state of the
rocks under the selected profile, under a given set of physical conditions.
Accordingly, the interface between the two layers has been character-
ized as roughly marking the passage from a top brittle layer to a ductile
substratum and a likely correspondence has also been retrieved with
the lithological or geothermal facies transition detected in drilled
cores. The equations are thus to be interpreted as mathematical rela-
tionships providing the local link between the resistivity, P-wave veloc-
ity and mass density. This relationship, reconstructed on a totally
quantitative basis, represents also an a-priori knowledge useful to a
full joint inversion of the parameters.
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