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Abstract: The 16th century AD St. Barbara’s Church in Paternò, a town located at the SW foot of
Mt. Etna volcano (Sicily, Italy), has since 2009 showed evident signs of structural instability and
collapse. This is causing great concern among the local population and poses a growing hazard to the
attendees to the masses. After precautionary closure of the church, we carried out geological, seismic,
geophysical and geochemical surveys in order to shed light on the possible causes of the phenomenon.
From the results of all surveys above, the presence of a hidden fault was hypothesized. The fault
would prove to cross the west side of the church, parallel to its front portal, and continue both to the
north and to the south of the edifice. It is part of a more complex system of faults that crosses the
whole town of Paternò and is likely a result of the complex dynamics of Mt. Etna. This fault seems to
also be a pathway for the upward flow of saline hydrothermal fluids, similar in composition to those
emitted in nearby areas and whose corrosive action possibly contributed to the weakening of the rocks
beneath the church. Temporal monitoring of several hydrological parameters (water temperature,
water level and CO2 content) in some sites in and around the church allowed a better understanding
both of the fault dynamics and of the extent of hydrothermal influence in the studied area.

Keywords: Mt. Etna; architectural protection; fault-induced instability; geochemical surveying;
geophysical prospecting; groundwater monitoring; conservation of cultural heritage

1. Introduction

The ever-increasing growth of the world population, together with its growing urban-
ization in recent times, are leading to a higher exposure to natural hazards in general due
to demographic pressure on geologically and geographically unstable areas [1]. In active
volcanic and/or seismic areas, this is particularly prominent, due to the combined effects
of volcanic eruptions, earthquakes and the structural instability of the soil due to tectonic
faulting. This has led to a need for accurate and multidisciplinary studies aimed at defining
and monitoring all possible hazards posed by natural phenomena, especially in densely
urbanized areas of relevant historical and artistic interest that have developed in active
volcanic areas.

Mt. Etna is one of the world areas particularly prone to all of the above processes,
both because of the complex interplay between volcanic and tectonic forces that affect
the whole region and because of the widespread urbanization that has taken place. Most
of the urbanization has developed since the 1950s. Mt. Etna is a very active volcano,
with a wide range of eruptive styles [2,3]. It is also the site of many different geologic
phenomena, some of which are not easy to detect or reveal. Due to the large population
living on this volcano today (about one million, according to the latest census [4]), the
impact of volcanic activity in a broad sense on the lives of the local people can be strong,
and sometimes it produces disastrous effects, especially on human infrastructures [5,6].
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Some of these effects are known and monitored by volcanologists, but others are underhand
and ambiguous, especially when they develop over time spans of hundreds of years. In
particular, slow deformation events and persistent emissions of natural fluids (especially
those rich in hypersaline waters and/or corrosive gases) may alter the physical (mechanical)
properties of building materials, and hence they may provoke their breaking or even their
collapse [7,8]. This is particularly evident in ancient architectural structures, some of which
are many centuries old, in the study area.

The St. Barbara’s Church, located in downtown Paternò (Figures 1 and 2), offered us
an evident and interesting example of long-term effects of volcano-related geodynamic
phenomena on ancient buildings. Paternò is a town on the lower southwest slopes of Mt.
Etna volcano, about 18 km west of the major city of Catania. From a volcanological point of
view, Paternò is famous both for having developed on the slopes of an ancient pre-etnean
volcanic complex [2] and also for being the site of mud volcanoes (known as Salinelle)
(Figure 2). The gas emissions from the Salinelle are mostly sourced into the deepest magma
reservoirs of Mt. Etna, and their eruptive activity was found to be linked with that of the
main volcano [9–12].
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Figure 2. Geological map of the area around the town of Paternò, with the location of the Salinelle
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The St. Barbara’s Church dates to the 16th century and its facade was made in 1781,
as evidenced in a cartouche in the tympanum of the main entrance. The interior space
of the structure is designed according to an octagonal plan, with a dome of considerable
height, approximately 40 m, covering the central space (Figure 3). This dome is intersected
by a Greek cross of greater longitudinal development. Furthermore, the oblique sides of
the octagon have four secondary altars. The wall structures consist of lava ashlars bonded
with lime and/or pozzolan mortar, basically a mixture of different matrices, i.e., binder,
aggregates and water. Since the early 1900s, the building structure has been affected by
a sequence of structural failures that were not well identified. In fact, as shown by the
historical research drawn up by an named architect Caruso, until 1908, the year of the
Messina earthquake [14,15] there were no reports of subsidence or noteworthy damage,
not even after the strongest earthquake that has struck Sicily in the last 1000 years (in 1693,
magnitude ≈ 7.4), with an epicenter about 65 km south-southeast of Paternò. It was
only after this period that problems began to arise, especially on the north facade. In the
1940s, studies relating to the subsidence were conducted by Eng. Nicolosi who, with the
modest means available at the time, relied solely on visual evidence and intuitions from his
personal experiences in carrying out his investigations. In particular, lesions were deeper
on the north facade, similar to those that afflict the monument today.
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Figure 3. (a) Detailed map of the urban area around St. Barbara’s Church in Paternò (Map scale 1:500).
Red circles show the location of piezometers, blue circles indicate core drillings and the green circle
indicates the location of the Chisari well. Names and absolute altitudes (in m a.s.l.) are also shown
near each circle. Lithological profiles A–A’, B–B’, C–C’ and D–D’ are shown with purple dashed lines.
(b) Detailed map of St. Barbara’s church, showing the location of seismic profiles (red lines) and
geo-electrical profiles (blue lines).

In December 2008, the plaster frieze on the north side collapsed (Figure 4), highlighting
a wall crack precisely in correspondence with its attack on the main wall. In particular, it
was found that the hook that supported the frieze was sited, by pure chance, exactly on the
lesion line, which widened and caused the frieze support clip to come out. A first reading
of the phenomenon correlated the lesion with a subsidence of the foundation of the north
wall. In 2009, a series of engineering surveys began, in which the inclinations of the walls
and the stress state of the masonry involved were continuously monitored. Despite the
efforts, however, a single answer was not given to the causes of the collapses that have
afflicted the building for years. In January 2012, unexpectedly, new ground movements
caused the closure of most of the cracks and lesions in the church, thus suggesting a more
complex source of ground deformation than a simple landslide motion.
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Figure 4. (a) Image of the north facade of St. Barbara’s Church, showing the lesions and the cracks
that formed in December 2008 (the most evident of which are highlighted with red square boxes);
(b,c) images of the interior of the church, showing pieces of the plaster frieze of the north side after
their collapse to the church floor.

The project to monitor St. Barbara’s Church, which started in 2009, also provided for
the safety of the building in order to consolidate the walls subject to collapse and injuries.
As part of this project, geophysical, geological and piezometric monitoring were carried
out in order to retrieve information useful for the reconstruction of the stratigraphy and
hydrogeological conditions of the area below the church. A geochemical survey was also
carried out by measuring the flow of CO2 emitted diffusely from the soils, accompanied by
monitoring of the temperature of the groundwater around the church. The decision to sur-
vey the CO2 emissions of the soil arose from a suspicion of possible volcanic influences on
the observed structural problems of the church. In fact, CO2 is a common and widespread
gas in soils, especially in hydrothermal and volcanic areas, as in our case. Furthermore, the
release of CO2 at the surface normally occurs through fractures or faults of the Earth’s crust,
even if not visible (due to soil alterations produced by erosive/depositional phenomena,
human activities or, in the case of active volcanic areas, their covering by recent lavas and
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tephra), that represent areas of higher gas permeability [16]. Therefore, the detection of
anomalous CO2 emissions at the soil surface allows the identification and mapping of
hidden tectonic structures [17–23].

The data obtained from the monitoring project served as a stimulus to carry out a larger
and more in-depth scientific investigation, giving us the opportunity to better understand
the geological framework of the area below and around the church, which is a unique
example of its kind in the Mt. Etna region. In particular, the aims of this investigation were
(i) to reveal possible endogenous causes for the structural instability of Santa Barbara’s
Church and (ii) to produce a dynamic geological-structural model of the area that may
serve as a starting point for plans to secure the building.

2. Geological Settings
2.1. General Outlines

The area under study (Figure 1) is located on the southwestern foothills of Mt. Etna,
on the northern edge of the Plain of Catania, just north of the Simeto river valley. Etna, the
most active volcano in Europe (elevation about 3350 m a.s.l.), is located on the Ionic edge
of eastern Sicily and covers an area of about 1300 km2. It is a polygenic strato-volcano that
developed in an active geodynamic context, in which the orogen is located in the collision
zone between the African and European plates [24–29].

The geology of the study area (Figure 2) is almost entirely made up of sedimentary
deposits belonging to the Etna basement. Such deposits dated from the Pliocene to the
Quaternary and are interspersed with volcanic lithotypes consisting of volcanoclastites
and Plio-Pleistocene lavas. The sedimentary rocks that outcrop in this area are represented
by white-yellowish calcarenites dated to the Calabrian period, by yellow-blue clays of the
Sicilian period and by recent-to-current alluvial deposits. Throughout the series, there
are heteropic passages between sedimentary and volcanic soils [2,13]. In particular, the
ancient urban center of Paternò is built on volcanic products of the so-called “Conetto dei
Cappuccini” (also called the Historic Hill) (Figure 2). This is an old eruptive cone (height
of about 100 m), with outcrops both of tephra and of lava flows, recently attributed to
the Paternò Member of the Acireale Synthem, dated to about 134.2 ± 6.6 ka [2,13]. The
geologic structure of the Historic Hill constitutes a high permeability crustal zone acting as
a preferential pathway for meteoric water infiltration and thence for the circulation of un-
derground fluids at shallow depth [10]. To the north-northeast of Paternò, a tectonic system
made of normal faults with a slight right-lateral component (Ragalna Fault System; [30,31])
displaces the Holocene Etna eruptive products.

This area is seismically active [32–35]. However, it is not generally affected by high-
magnitude earthquakes produced within 25 km of its radial distance, the highest magnitude
measured in recent years having been 4.8, associated with an earthquake that occurred
on 6 October 2018, located 6 km northwest of the church and at a depth of 6 km. This
territory is also of considerable interest due to the presence of pseudo-volcanic manifes-
tations such as mud volcanoes, locally known as “Salinelle” [9,10,36–40] and located just
about 1 km northwest of the church (Figure 2). Mud volcanoes are generally geological
structures characterized by the emission of mud, hypersaline waters (brines) and gas. Their
formation is due to the rise of fluids (gases and muddy water) subject to overpressure
along discontinuities in the earth’s crust. The name “Salinelle” derives from the high
salinity (average salinity of about 70–75 g/L, [9]) and higher-than-ambient temperature
(temperature up to about 50 ◦C) water emitted by the vents [9,10,41,42]. Together with
the hot water, they emit many different gases in large amounts. The composition of the
emitted gases is mainly CO2 (reaching up to 90% of the total gas) and CH4 (10–50% of the
total, depending on the site), with other gases (i.e., O2, N2, H2, H2S) being present only in
trace amounts. Oftentimes, water pools form into what might be called mud craters, and
heavy hydrocarbons (petroleum, oils) are seen floating on the liquid surface [43,44]. Three
well-known mud volcano fields are located around Paternò, the most important and active
of which is the one known as Salinelle dello Stadio (Salinelle of the Stadium), because it is
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located near the Paternò football stadium (Figure 2). In this site, mud volcano activity is
considered to be an indicator of the deep magmatic activity of Mt. Etna, and therefore these
vents are studied and monitored for volcanological purposes [9,40,45–51]. The emission
of fluids from the Salinelle mud volcanoes is continuous, although with highly variable
intensity. As a consequence, the morphology (i.e., dimensions, shape, number) of these
volcanoes is also highly variable, due to the frequent opening of new vents replacing older
ones and the consequent formation of new cones and new mud flows. The ground around
the vents is often covered in clays-mud masses and saline (mostly halide—NaCl) deposits.

Depending on the gas flux from the vents, mud eruptions can become intense, with rare
sporadic paroxysmal episodes that emit fountains of mud and water up to a meter high and
with fluid temperatures of up to about 45 ◦C [10,51] (and literature therein cited). The most
recent paroxysmal episode occurred between early January and June 2016 at the Salinelle
dello Stadio, with a violent mud eruption from new vents that opened beneath a private
house. On that occasion, several thick mudflows were emitted, and they invaded some
nearby streets, surrounding parked cars with flows up to one meter high. This eruption
lasted about six months, and it caused severe trouble to local inhabitants and to local
farmers, because several flows spread into nearby cultivated fields. Furthermore, between
June 2016 and March 2017, for the first time since routine satellite InSAR monitoring began
to be performed over Mt. Etna, a clear ground deformation was detected on the whole
southern periphery of the volcano. The observed deformation included the area where the
mud volcano fields are located, and activity there peaked in September 2016 [52]. A new,
though less intense, eruption at the Salinelle was then observed in late January 2017. The
latest activity occurred between November 2020 and April 2021.

At the end of the paroxysmal eruptions of the Salinelle, only funnel-shaped cavities
remained, with their edges slightly raised from the ground as the formation of significant
conical relief is not possible due to the great fluidity of the muddy mass [53].

2.2. Local Hydrothermal Systems

Beneath the Salinelle, there are geochemical indicators of a vast and relatively shal-
low hydrothermal system [9,10,53–55] that probably extends beyond the limits of the
mud volcano area. Estimates based on chemical geothermometry indicate an equilibrium
temperature of fluids at depth ranging between 120 and 150 ◦C [9].

Geochemical studies on soil degassing in hydrothermal and/or volcanic areas gen-
erally attribute the origin of CO2 to a mixture of multiple sources. In the case of the Etna
area [23,45,47,56–60], these sources are essentially of two types: (i) a biogenic one linked
to the respiration of soils, the activity of plant roots, the respiration of small animals or
bacterial activity in the soil; (ii) a deeper one, linked to magmatic/hydrothermal degassing.
All of the geochemical data concur in indicating that the source of CO2 in the Salinelle area
is the degassing of deep (about 7–12 km) magma in the Mt. Etna feeding system [11,12,47],
whereas methane comes from shallow hydrocarbon reservoirs [47,60].

Diffuse emissions of CO2 from the soils are widespread in and around Paternò, and
their magnitude changes according both to environmental factors and to the volcanic
activity of Mt. Etna [45,48,50,60,61].

3. Materials and Methods

In order to reconstruct the lithostratigraphic succession of the urbanized area, geo-
morphological and structural surveys (at 1:10,000 scale), together with analyses of cores
from drillings, were carried out. Furthermore, periodic surveys both of the depth of the
groundwater level and water temperatures were carried out in the new boreholes pro-
duced from drillings from March 2011 (in this case with only a piezometric survey) to 2014.
Piezometers allowed the measurement of both the hydrostatic pressure in soil pores and
the groundwater level. Piezometric pipes with a diameter of 50 mm were installed into the
boreholes. They consisted of slotted PVC pipes, covered with untreated fabric to avoid
occlusion, placed inside a borehole and coated with loose sand. In order to measure the
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depth of the groundwater level, portable probes were inserted into each piezometer and
made to go down until they emitted a sound that indicated that they were in contact with
water. The length of the inserted cable as it touched water was then measured to calculate
the depth of the water table below the surface [62]. Water temperatures were measured
with a piezometric OTR probe combined with a temperature sensor. In May 2012, a new
probing borehole, named SV6, was added to the initial ones. In order to intercept the basal
rock formation, in 2012 the SV6 coring drilling was deepened from 7.5 m to 15.0 m below
the surface.

Figure 3a shows the planimetry of the area, with the location of the boreholes and
of the respective installed piezometers. Six more drillings (SI1 to SI6) were carried out
along the outer walls of the church, with some inclination from vertical in order to get
more details of the shallow underground geology below the church (the maximum depth
analyzed was 20.0 m).

The stratigraphic sections (Figure 5) retrieved from all of the borehole data were traced
on a planimetric relief (at 1:500 scale), together with the location of direct surveys and the
location of the Chisari water well (all altitudes are above sea level). In this way, it was
possible to define the absolute altitude excursion of the water table surveyed.
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Figure 5. Geologic cross sections along profiles A–A’ (a); B–B’ (b); C–C’ (c); D–D’ (d).

From 2009 to 2014, a new set of surveys was carried out in which, in addition to
monitoring the groundwater level using piezometers, it was also possible to measure the
CO2 concentration inside the boreholes in the headspace above the water’s surface. A
silicone tube was lowered into the borehole to as close as possible to the water’s surface, and
the gas was pumped into a portable CO2 NDIR (non-dispersive infrared) spectrophotometer
(PP Systems, mod. EGM4, Amesbury, MA, USA).

Furthermore, the diffuse soil CO2 emissions in the area around St. Barbara’s Church
were measured using the accumulation chamber method [63]. It consists of measuring
the rate of increase of the CO2 concentration inside a cylindrical chamber opened at its
bottom and placed on the ground surface. The chamber is provided with an internal fan to
achieve an efficient gas mixing and is connected to the portable NDIR spectrophotometer.
The change in concentration during the initial measurement is proportional to the efflux of
CO2 [64,65]. This is an absolute method, and it does not require corrections in relation to
the soil’s physical characteristics. This method was tested in the laboratory with a series of
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replicate measurements of known CO2 effluxes. The average error was about ±5%, which
is assumed as a random error in the natural emission rates. The reproducibility in the
200–1600 g m−2 d−1 range was 5%.

In order to discriminate among different possible sources of CO2, we applied a statisti-
cal procedure based on the partitioning of the whole set of data into subpopulations, each
with a lognormal frequency distribution, through the examination of Normal Probability
Plots [66]. In these plots, a linear distribution of data points indicates a unimodal distri-
bution of data; otherwise, the distribution is polymodal and comes from overlapping of
different geochemical populations, each with a different source of CO2. Once the threshold
values of CO2 efflux between populations were set, we produced a map of the spatial
distribution of the CO2 efflux values for each population recognized in the studied area.

Chemical analyses of water samples were carried out at the SCAIB laboratory of
Paternò (Sicily), in order to ascertain that the monitored waters in the SV1, SV2 and SV3
boreholes were not polluted by sewage waters from nearby houses. Before sampling
(February 2012), the SV1 piezometer was purged for over an hour, equipping the borehole
with a submersible pump placed at 15 m depth, and after pumping out about 110 L of water.
Sampling of the water in the piezometers was carried out with a tube sampler equipped
with a non-return valve submerged, for each piezometer, at least two meters below the
water table’s surface.

In order to acquire the local seismic stratigraphy and reconstruct the 3D geoelectric
image of the rocks underneath St. Barbara’s Church, both a seismic tomography and a
geoelectric one were carried out. Surface axial seismic tomography is a technique that
allows the reconstruction of the internal structure of the ground as 3D images using
the travel time of the seismic waves that propagate from the surface [67]. The results
consist in the reconstitution of the seismic image of the subsoil expressed in terms of the
propagation speed of the seismic waves P and the density of seismic rays. Four seismic
tomographies were carried out in the study area, the geometric configuration of which
is shown in Figure 3b. Seismic tomographies were performed both along Santa Barbara
Street (TOMO S1 and TOMO S4) and inside the church (TOMO S2 and TOMO S3). For
the purposes of this study, particular attention was paid to the TOMO S1 and TOMO S4
tomographies. The latter partially overlaps with TOMO S1 (Figure 3b), but it had a higher
density of geophones (twelve geophones were used, with an inter-geophone distance of
0.7 m and resolution of 0.35 m), in order to further detail the shallowest portion of the
subsoil on the north side of the church.

The 3D geo-electrical tomography has the purpose of reconstructing an electro-resistive
three-dimensional image of the ground [68]. This is done through arrangement of a large
number of electrodes on the ground surface, placed according to a pre-established geometry.
Continuous electric current is passed through the electrodes into the ground and the
difference in electrical potential of the current is measured on the way up to the surface.
By means of this process, it is possible to identify any electrical anomaly in the ground
that is attributable to cavities, aquifers, wastewaters, etc. For this test, 48 electrodes were
used (47 pickets + 1 electrode in a “remote” position—geometrically arranged as shown in
Figure 3b). The geometric configuration of the electrodes was designed as a function of the
available accessible sites, in order to obtain measurements of electrical potential according
to a pole-dipole configuration. In this specific case, it was decided to increase the density of
measurements both along the church’s perimeter and inside the “Casa Vara” (Figure 3b).
The results consist of the definition of the three-dimensional electro-resistive image of the
volume of soil surrounding and underlying the church.

In this study, the mechanical properties of the church’s masonry materials were not
investigated on-site, but they were tested in the laboratory.
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4. Results
4.1. Geological Survey

The geological surveys in the study area led to the recognition and mapping of
lenticular outcrops of travertine, located both west and northwest of Paternò (Monafia
locality, Figure 2) and west of the Historic Hill [2,13] in the Puzzillo locality (Figure 2).

Figure 5 shows four lithostratigraphic sequences under St. Barbara’s Church. In partic-
ular, the 2012 vertical probing SV6 (see Figure 5a) intercepted yellowish clayey silt and sand
down to a depth of 13.2 m. It then found basal gray clays, already intercepted at a depth
of 15.4 m in probing at point SV1, which was carried out during the 2009 survey. Probing
SI5 showed a 3 m thick basement of the church made of polygenic and heterometric clasts
(mainly lavas with a thickness of 2.5 m) cemented by mortar and lying on a sub-foundation
constituted by decimeter-sized volcanic clasts into a sandy matrix (with a thickness of
0.5 m). The foundation of the church sits on sandy gravels, with some local inclusions
of travertine. Probing SI6 showed that the church’s foundation is made of about 1.4 m
thick heterogenic and polygenic pebbly ground, poorly thickened and including bricks and
decimetric lava clasts. This foundation, too, sits on sandy gravels, sometimes with local
inclusions of travertine. The presence of carbonate deposits in the sediments immediately
above the sandy gravels suggests an ascent of CO2 gas. This is also evidenced in boreholes
SV1, SV2, SV4 and SV6, where we found travertine-rich deposits with thicknesses of 2.0 m,
4.0 m, 0.2 m and 3.3 m, respectively. Traces of this deposit were also found in the inclined
boreholes SI5 and SI6. In the planimetry of the area (Figure 3a), probing SV2 is assumed as
a reference point (zero relative elevation).

In all stratigraphic sections (Figure 5), the travertine deposit is highlighted. Section
A–A’ (Figure 5a) is parallel to the church’s main prospectus. Sections B–B’ (Figure 5b) and
C–C’ (Figure 5c) are coherent in showing a possible structural discontinuity (i.e., a fault),
whose plane dips toward the south. These sections were drawn using data coming both
from direct geological surveys—carried out by the local municipal administration during
works done in 2001 to consolidate the nearby convent of the Benedictines—and from the
results of a soil CO2 survey carried out in 2006 inside the town of Paternò [69] and then
integrated with the CO2 degassing data from the present study. Structural discontinuities
were also suggested in the other three geological sections (Figure 5b–d). However, the
tectonic structures hypothesized in sections A–A’, B-B’ and C–C’ can be assumed to be the
same fault. That indicated in section D–D’ is seemingly a different one, in terms of location,
direction and dip (Figure 5d). In this section, in fact, the position of the travertine layer
at the depth where it was intercepted in boreholes SV1, SV4 and SV2, together with the
results of the new in-well CO2 measurements, indicate a fault with a modest dislocation
and plane dipping toward the east.

4.2. CO2 Survey
4.2.1. Soil CO2 Effluxes

During the 2009 geochemical survey, 82 measurements of CO2 effluxes from the soil
surface were carried out within the town of Paternò, over a surface of about 0.3 km2

(Figure 6). The obtained values (Table 1) ranged from 1.7 g m−2 d−1 to 2386.0 g m−2 d−1,
with average value of 126.9 g m−2 d−1 and a standard deviation of 378.6 g m−2 d−1.
The Normal Probability Plot of Figure 6a allowed us to recognize several distinct pop-
ulations of CO2 data, each one characterized by a specific linear distribution of points
in the plot. The plot shows five flexure points, and hence as many threshold values,
respectively corresponding (after conversion from the log10 scale) to 14.1 g m−2 d−1

(20th percentile), 29.5 g m−2 d−1 (46th percentile), 114.0 g m−2 d−1 (84th percentile) and
268.8 g m−2 d−1 (96th percentile). The six populations thus recognized suggest that values
below 29.5 g m−2 d−1 (representing 46 % of total data) can be reasonably attributed to
background degassing from a biogenic source of CO2. Conversely, the peak population,
representing 4% of the total data, is characterized by efflux values above 268.8 g m−2 d−1,
and it can be reasonably attributed to a volcanic/hydrothermal source of CO2. The two
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intermediate populations likely represent efflux values produced from a mixing, in variable
proportions, of the two end-members. In this sense, the volcanic/hydrothermal source
would become progressively predominant as the efflux values increase (i.e., from popula-
tion C to F). Once the populations of CO2 efflux data were defined, we produced a map
of the spatial distribution of efflux values, divided by population, in order to highlight
anomalous degassing areas. The map was obtained by interpolation of the single values
measured according to the Kriging method, and it shows several anomalous areas, ap-
parently distributed according to well-defined directions (indicated on the map with I, II
and III). Alignment I has an approximately north–south direction, and it is visible in the
southwestern sector of the study area, downstream of Paternò. Alignment II has an approx-
imate northwest–southeast direction and it can be observed in the northeastern sector of
the area. Lastly, alignment III shows a roughly east-northeast–west-southwest direction
and it is mostly visible in the northern sector of the study area, inclusive of Paternò. This
latter alignment seems to be present also in the southern sector of the area, although in a
less obvious way.

Table 1. Values of soil CO2 efflux measured during the 2009 survey in downtown Paternò.

Easting Northing CO2 Efflux
(g m−2 d−1) Easting Northing CO2 Efflux

(g m−2 d−1) Easting Northing CO2 Efflux
(g m−2 d−1)

490904 4157805 1.68 490815 4157776 22.56 491036 4157763 60
490944 4157788 2.16 491017 4157784 23.52 490847 4158194 60.24
490527 4157942 2.64 490797 4158052 24 490857 4157885 60.48
491167 4157757 3.6 490773 4157784 24.24 490927 4157870 61.68
490892 4157971 5.28 490618 4158087 24.48 490610 4157919 66.48
490792 4157985 6.24 491210 4157940 26.64 490671 4157968 66.72
490916 4157975 6.48 490908 4157887 26.88 490941 4158036 75.36
490698 4157732 6.48 491172 4157703 27.12 491044 4158071 80.4
490853 4158089 7.68 490877 4158077 27.6 490754 4157793 89.04
491154 4158179 8.64 490873 4157907 28.32 491197 4157958 93.6
490697 4157995 9.12 490858 4157959 29.04 490972 4157793 94.32
490709 4157977 9.6 490991 4158064 29.52 490864 4158034 100.8
490852 4158103 9.6 490874 4157990 36.48 490888 4157980 112.56
490840 4158149 10.08 490789 4158145 36.72 490850 4157934 112.8
490814 4158119 10.32 490868 4157885 37.44 490920 4157888 114
490913 4158023 12.24 490801 4157868 39.84 491096 4158024 135.84
490860 4157949 14.16 490803 4157965 44.16 490849 4158178 138.72
490842 4158100 14.8 490856 4157768 44.16 490806 4157840 142.08
490852 4157825 17.04 490934 4158058 47.76 491258 4158046 144.48
490985 4158083 18.24 490931 4157826 50.4 490931 4157853 185.04
490668 4158188 18.96 491026 4158256 50.88 490992 4157814 198.96
490893 4157987 18.96 490932 4157894 51.36 490849 4158123 200.88
491222 4157924 19.44 490907 4158061 52.32 490861 4158065 206.64
491207 4158091 20.64 490978 4158045 52.56 490821 4157888 226.8
491130 4157776 21.36 490883 4157924 53.28 491102 4158042 268.8
490966 4158036 21.84 490778 4158170 54.72
491024 4157997 22.08 491163 4158016 58.32

Soil CO2 efflux measurements were repeated on 18 June 2012 at twenty sites measured
in 2009, located in the area around the church and along the main street located just west
of the church. The 2012 soil CO2 efflux values were significantly lower, ranging from
3.6 g m−2 d−1 to 88.8 g m−2 d−1, with average value of 32.9 g m−2 d−1 and a standard
deviation of 25.2 g m−2 d−1. However, they confirmed the results obtained in 2009 in terms
of the surface distribution of high efflux values.
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4.2.2. Borehole CO2 Concentrations

As regards the CO2 measurements carried out inside the boreholes and just above the
water’s surface, during March 2012 only the SV1 and SV2 piezometers were surveyed. In
SV1, a CO2 concentration of about 1% vol (equal to about 10,000 ppm vol) was found, while
in SV2 a concentration of about 0.1% vol (equal to about 1000 ppm vol) was measured.
Since May 2012, these measurements were periodically repeated until May 2014, both in
the same piezometers and in others located around the church, as well as in the Chisari
well (Table 2). The results indicate strong fluctuations of the CO2 concentration in all of
the boreholes and two moments of clear and marked increases in the CO2 concentrations,
one of which occurred in October–December 2012 and the other in December 2013. In the
inclined borehole SI6, however, no anomalous CO2 emissions were found, presumably due
to its obstruction.

Table 2. Values of CO2 concentration (in ppm vol) measured during 2012–2014 in the water wells
and boreholes around St. Barbara’s church. n.m. = not measured.

Date of Sampling SV1 SV2 SV3 SV6 SI5 Chisari Well

3 January 2012 10,000 1000 n.m. n.m. n.m. n.m.
31 May 2012 19,650 3150 n.m. 9700 1600 n.m.

7 September 2012 2600 n.m. n.m. 6000 n.m. n.m.
24 July 2012 9500 2500 520 1200 n.m. n.m.
10 June 2012 48,600 n.m. n.m. 20,000 n.m. n.m.

14 December 2012 41,000 850 13,600 33,700 n.m. 520
2 January 2013 25,500 1200 1830 730 n.m. 2800

23 December 2013 43,500 36,000 480 5600 n.m. 7900
1 October 2014 27,800 19,800 1320 1795 n.m. 2868

2 July 2014 600 457 2200 450 n.m. 489
13 March 2014 3300 2400 2245 2550 n.m. 2300
27 March 2014 531 482 2465 1216 n.m. 521
16 April 2014 455 1100 2985 1030 n.m. 1244
29 May 2014 427 429 615 564 n.m. 10,214

4.3. Groundwater Survey
4.3.1. Water Chemistry

The chemical composition of the local ground waters was determined using two
samples collected at SV1 and SV2 on 28 June 2012 (Table 3). According to the Langelier-
Ludwig classification diagram (Figure 7a), the composition of both samples falls outside
the typical composition of Etna’s groundwaters. The compositions of the two samples
suggest both interaction with CO2 and a slight contribution from geothermal fluids. Both
processes are much more evident in the sample of SV1 water.

The HCO3-SO4-Cl ternary diagram (Figure 7b), modified according to [70], highlights
what is already indicated by the Langelier-Ludwig diagram. The modified graph helps
to discriminate between mature geothermal fluids and immature unstable waters. In this
diagram, the two samples analyzed plot clearly along a mixing line between the typical
composition of fresh groundwater and that of steam-heated groundwaters, thus suggesting
that samples SV1 and SV2 represent immature geothermal waters. This is further supported
by the graph of log(K2/Mg) vs. log(K2/Ca), which is commonly used to evaluate both
the temperature of the last water-rock equilibrium and the pCO2 of geothermal fluids
(Figure 7c). According to the plotted values, both the SV1 and SV2 samples fall within
the conditions of geothermal interest, indicating temperature values in the range between
about 100 ◦C and about 120 ◦C.
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typical composition of Mt. Etna groundwater and other types of waters/fluids); (b) Ternary plot
of major anions in solution, modified from [70]. The cyan arrow shows the main mixing trend
between typical Etna groundwaters and steam-heated groundwaters in acidic volcanic environments;
(c) Graph of log(K2/Mg) vs. log(K2/Ca), showing calculated equilibrium temperature and pCO2

values for the analyzed samples (see text for explanation).

Table 3. Groundwater composition at piezometers SV1 and SV2. Values of pH are expressed in pH
units, values of conductivity are expressed in µS/cm and all concentrations of chemical parameters
are expressed in mg/L.

Site pH Cond Na K Ca Mg HCO3− SO42− NO3− Cl− CO32−

SV1 6.94 4140 389 216 105 219 631 33.9 0.01 380 <0.5
SV2 6.84 1867 194 133 70.8 70 361 8.04 0.03 108 <0.5

4.3.2. Water Temperature

The measured water temperature values in all of the monitored wells during the
period from 19 March 2012 to 18 June 2014 ranged from 17.2 ◦C at the Chisari water well to
23.1 ◦C at SI5 borehole, with no apparent seasonal cycles (Figure 8a). All values recorded
were significantly higher than the typical range in Mt. Etna’s groundwaters [46,71,72],
thus suggesting conditions of weak thermalism in the local groundwaters. Similar water
temperature values were also found in two boreholes drilled in 2007 inside Carmelo’s
Church, located just in front of St. Barbara’s Church. A piezometer was installed in both
of these boreholes. In both cases, the water table level was about 6 m below the surface,
and the water temperature varied between 18.2 ◦C and 22.4 ◦C. Water temperatures in the
SV1 and SV6 piezometers were the warmest, always remaining between 20 ◦C and 21 ◦C.
In general, temporal water temperature changes were similar in all boreholes (Figure 8a),
with variable correlations among monitoring sites (Table 4).

Table 4. Correlation matrix for water temperature values measured at water wells SV1, SV2, SV3,
SV6 and Chisari. Statistically significant correlations (R > 0.5) are highlighted in bold.

SV1 SV2 SV3 SV6 Chisari

SV1 1
SV2 0.71 1
SV3 0.58 0.51 1
SV6 0.73 0.38 0.44 1

Chisari 0.54 0.48 0.45 0.35 1

The highest correlations were found between SV1 and the other four sites, whereas the
lowest ones were generally found between the Chisari well and the other sites. Some sharp
increases were observed at all of the sites on 6 July and 3 September 2012, and a longer
period with higher-than-normal values was observed between December 2013 and April
2014 (Figure 8a).
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ground surface) measured in SV1, SV2, SV3, SV6 the piezometers and in the Chisari water well
during the investigated period.

4.3.3. Water Table Level

Figure 8b shows data regarding the changes in the water level as periodically measured
in the boreholes located around the church during the period of 21 September 2011 to
18 June 2014. The water levels shown in the Figure are expressed as depths (in meters)
below the ground surface. Water level data (Figure 8b) showed in general a poor correlation
among sites (Table 5), the only significant ones being that between SV3 and SV6 and that
between SV2 and the Chisari well.
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Table 5. Correlation matrix for water level values measured at water wells SV1, SV2, SV3, SV6 and
Chisari. Statistically significant correlations (R > 0.5) are highlighted in bold.

SV1 SV2 SV3 SV6 Chisari

SV1 1
SV2 −0.47 1
SV3 −0.22 0.37 1
SV6 −0.02 0.44 0.79 1

Chisari −0.14 0.55 0.28 0.33 1

Unlike the other boreholes, no water was found in SV6 at the beginning of our ob-
servations, but since mid-July 2012 the water level at this site has been increasing, going
from the initial 13.6 m to about 5.0 m below the ground’s surface (Figure 8b). The most
stable values were those of the Chisari well, whereas those of SV1 and VS2 showed the
largest variations. The water level was shallower between March and May of 2012 and
2014 at SV1, thus suggesting a possible seasonality, typically due to the input of rainwater
into the local groundwater system (the lack of data during most of 2013, however, does not
allow a confirmation of this hypothesis). Conversely, shallower water levels were measured
between late 2012 and early 2013 at SV2. Water level changes in boreholes SV1, SV2 and
SV3 showed some interesting common features, such as a rising in September-October
2011, more evident in boreholes SV1 and SV3, followed by a deepening in mid-October of
the same year. A new rise was observed from early February to late May 2012, this time
more evidently in SV1 and SV2 (although SV3 showed a sharp rise on 31 May 2012). Until
late May 2012, the piezometric level in the Chisari water well remained stable. On 18 June
2012, however, a marked and short-lived deepening of the water level was concurrently
observed in the SV1 and SV2 boreholes and in the Chisari water well. The water level
returned to its previous depth in about 10 days in the SV2 borehole and in the Chisari well,
but it did not entirely recover in the SV1 borehole, thus remaining about 40 cm lower than
its normal depth until March 2014. Furthermore, a sudden rise in level was observed on
3 November 2013 only at the Chisari well. Finally, another sudden, though not strong, rise
in water level was observed on 2 February 2014 at all sites except the Chisari well, followed
by a drop in level on 7 February 2014.

4.4. 2D Seismic Tomography

The TOMO-S1, TOMO-S2 and TOMO-S3 seismic tomographies highlighted several
discontinuous zones at a low velocity of propagation of P waves (Figure 9). Based on
the seismic-stratigraphic correlation, four different seismo-layers were identified: (i) a
seismo-layer with a Vp < 700 m/sec, in part referable to backfill (Vp < 300 m/sec), that is, an
unsaturated physical medium with poor water retention and many void spaces inside its
structure, and in part referable to slightly-gravelly silty sands (300 < Vp < 700 m/sec), locally
cemented with horizons of calcareous gravels and pebbles. The thickness of this sequence
ranged between 4 and 7 m; (ii) A seismo-layer with 700 < Vp < 1250 m/sec, immediately
beneath the previous one, very thin and referable to the altered portion of the above silty
sands. This layer represents a transitional band to the following deeper seismo-layer; (iii)
a seismo-layer with 1251 < Vp < 1500 m/sec, referable to slightly plastic silt having veins
of gray-blue clays and centimeter thick horizons of fairly consistent yellowish sand; (iv) a
seismo-layer with Vp > 1500 m/sec, attributable to the same lithotype as above described,
but with a greater consistency that increases with depth. As already mentioned above, the
TOMO-S4 seismic tomography was carried out with a partial overlap with TOMO-S1, in
order to further detail the shallowest part of the ground, attaining a resolution of 0.35 m.
This test tomography was shallower than the other three, as its depth was only about
3 m, and it indicated seismic velocities ranging from 300 m/sec and 2050 m/sec, whose
variability, interpreted again as seismo-layers, is chiefly vertical and attributable to the
same sequence of layers as deduced from the other tomographic profiles. The morphologic
pattern of the refractors appears regular, indicating layers that rest mostly sub-horizontally
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(Figure 9d). From the seismic ray density sections, it appears that the greatest density, and
thus the greatest contrast in seismic impedance, is located between the first (uppermost)
seismo-layer and the second/third one. We also noted that the low-velocity zones were not
crossed by seismic rays.

Along the TOMO-S1 seismic profile (Figure 9a), the substratum degrades to the west,
becoming much deeper near borehole SV1. The TOMO-S4 seismic profile (Figure 9d) shows
a physical horizon at about 2.1 m in depth, with an average Vp of about 500 m/sec and lying
sub-horizontally. The ground over this horizon is characterized by lateral inhomogeneity,
showing a lateral variation of velocity both in the initial and in the final part of the section,
where Vp increases markedly, from 220 m/sec to 420 m/sec.
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4.5. 3D Electrical Tomography

The retrieval of geoelectric data regarded the overall georesistive block, as well as the
low-resistive (BR), resistive (R) and high-resistive (AR) volumes of rock. Resistivity values
were distributed over a wide range, from 1.15 ohm m to 106 ohm m. The depth of investi-
gation was 10 m. In order to make the reading of the electro-resistive block unambiguous
and simplified, a chromatic scale of resistivity values was displayed (Figure 10), whose
values were divided into four significant ranges of values, each one referring to a specific
lithotype found in the previous geognostic survey.
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Figure 10. 3D geo-electrical tomography of the volume of rock underneath St. Barbara’s Church (to a
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From Figure 10 it is clear that the electro-resistive volume shows electro-layers of types
AR and R in the most superficial portion (i.e., to a depth of about 4 m). These layers refer,
respectively, to the foundational complex and to the weakly gravelly sands underlying
the church’s foundations. Going deeper, the low resistivity (BR) electro-layer becomes
dominant. This layer was ascribed to the silt-sandy and clayey sediments that constitute
the substrate of the investigated area. It was also observed that the area around the SV1
survey and the “Casa Vara” (SV3 survey, Figure 3b) is characterized by the highest electrical
conductivity of the investigated volume of ground, likely because of fluids permeating the
shallow rocks.

5. Discussion and Conclusions

This multidisciplinary work takes its cue from previous geological and geophysical
surveys carried out in 2009 to investigate the causes of unprecedented partial structural
failures in the northern perimeter wall of Santa Barbara’s Church in Paternò. The 2009
surveys obtained a first picture of the geological, geotechnical and structural features of the
area on which the church stands. These features had been unknown until that moment.

The stratigraphic reconstruction obtained from direct investigations, together with the
seismic velocity model of the local shallow ground that was inferred both from seismic
tomographies and from the 3D images of ground resistivity from geoelectric profiles,
provided evidence of what is interpreted as a structural discontinuity in the rocks on which
the church’s foundations were built. In particular, the geoelectric data showed a change in
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ground resistivity in the shallowest 10 m upon moving from more resistive rocks (gravelly
sands with some travertine) to more conductive rocks (silt and clay). Moreover, the high
conductivity of the church’s substratum in the area near the sounding SV1 and the “Casa
Vara” could be due to a greater water saturation of the surveyed grounds.

From 2009 to 2012, at irregular intervals, measurements both of the soil’s CO2 concen-
tration and of the soil’s CO2 efflux were carried out in the areas surrounding the church.
The data obtained indicated strong anomalies in soil CO2 emissions, whose origin is likely
a deep magmatic source due to their intensity and their vicinity to the Salinelle mud volca-
noes. Actually, at least two sources of CO2 gas are present in the study area: (i) a deep one,
either directly from magma degassing or from the outgassing of a hydrothermal system;
(ii) a shallow one, essentially due to microbial activity in the most superficial part of the
soil [23,47,72]. Compared to the shallower source, the deeper one has the ability to sustain
higher gas fluxes [73]. Magma degassing at a high confining pressure produces migration
of mostly high-enthalpy fluids (water vapor mixed with mainly CO2) toward the surface
along deep-rooted faults, which causes the formation of local hydrothermal reservoirs at
relatively shallow depths [10,54,59,74,75].

Figure 11 shows the likely location of tectonic structures around Santa Barbara’s
Church as inferred from the soil CO2, geological and geophysical data. In such a situation,
hydrothermal fluids may leak through shallower and smaller faults, and they can interact
with the shallow aquifer, thus modifying the water’s chemical-physical characteristics.
Indications of hydrothermalism in the shallow groundwaters beneath the church come
from the water temperature measurements in the drilling wells equipped with piezometers.
Actually, the water temperature in piezometer SV1 was constantly in the range 19–20 ◦C, in
piezometer SV6 it was on average higher than 22 ◦C and in soundings SI5 and SI6 the water
temperature was on average 20 ◦C. In all cases, therefore, there was a strong indication of
thermalized waters in the shallow aquifer around the church, with the thermal conditions
of the water being markedly constant in time. Furthermore, the presence of travertine
deposits embedded among the rock layers under the church and intercepted by soundings
SV1 and SV6 provides further evidence of past emissions of hydrothermal fluids at the
surface in the study area. Travertine is actually a typical mineral deposit associated with
surface springs of thermal and CO2-rich water.
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Monitoring of the piezometric level from March 2011 to July 2012 showed that the
water table tapped in soundings SV1, SV2 and SV3 had level changes markedly coherent
among those wells during the whole period. In particular, the rise in level observed since
January 2012 coincided with the closing of the lesions in “Casa Vara”, together with the
closure of all the other lesions monitored. Sounding SV1 was dry during the first three
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months of operation after March 2009, but then water appeared at its bottom and the water
level increased progressively, varying between 2.67 and 4.23 m below the surface and hence
interfering continuously with the basement of the church, whose depth reaches 5 m below
the surface.

The presence of groundwater, with its frequent oscillations, contributes to the plasti-
cization of the substratum on which the church’s foundations sit. The substratum is made
of clayey silt, thus making its geotechnical properties ill-suited to supporting a church.
The piezometric level in the zone near sounding SV2 and “Casa Vara”, at a depth between
6.20 m and 6.90 m below the surface, does not interact with the foundations of the church
that, in this zone, rest on thickened gravelly sands.

The opposite behavior of the water level at piezometer SV3 to that of the other piezome-
ters during May 2012 may be related with its location. This piezometer is actually the only
one located inside the church, therefore the deepening of the water level may reflect water
flow related with adjustments in the structure of the church edifice, as suggested by the
closure of the monitored cracks.

The marked difference in piezometric level (3.3 m on average) between SV1 and
SV3 is to be considered anomalous, given the very short distance (12 m) between the
two sounding wells. Conversely, no anomalous behavior can be found in the water level
differences (average difference of 1.6 m) between SV1, SV2 and the Chisari well, as they are
7 to 30 m apart (Figure 3a). These observations suggest that the groundwater tapped by the
Chisari well is part of an aquifer likely large enough not to be subject to level variations
due to sudden, but relatively small, inputs of external water. On the contrary, the water
table tapped by the other piezometers, mostly those with the largest variations in level, is
likely located over portions of the same aquifer where it is subject to fluctuations caused by
significant inputs of external waters. The nature of such waters is revealed by the results of
chemical analyses performed on water samples from soundings SV1 and SV2. The waters
from those soundings actually showed salinity values higher than those typical of Etna’s
groundwaters and an overall composition that indicates mixing between shallow ground
water and brine-type deep fluids, as is common in the area near Paternò and especially
in the nearby mud volcanoes known as the Salinelle [9,76,77]. The water level changes
observed, therefore, seem to be due to a marked input of deep saline, likely thermalized,
fluids chemically similar to those emitted from the Salinelle mud volcanoes.

The overall picture that derives from the many different parameters surveyed around
Santa Barbara’s Church strongly suggests the presence of at least one major tectonic fault
that crosses the church parallel to its front portal in an apparently north–south direction
according to the well logs and the results of the seismic and geophysical surveys. The
presumed fault appears to have a dip toward the northeast. It is not seismically active, or
at least it has not been active in the last 1000 years, but it is permeable enough to fluids to
allow the upward migration of CO2, water vapor and fluids rich in chemical elements and
having a hydrothermal signature. Hydrothermalism in the Paternò area is clearly produced
by interactions between high-enthalpy magmatic fluids (partly condensed as brines) and
shallow groundwater.

The ascent of deep fluids would explain the temporal anomalies observed in the
wells closest to the inferred normal fault, in terms of water level, water temperature, water
salinity and the concentration of CO2. It would also explain the high soil CO2 effluxes in the
areas around the church, which normally occur in association with the upward migration
of geothermal steam, as well as a high level of moisture in the subsurface ground.

In conclusion, our surveys revealed that the most likely cause of the structural insta-
bility of St. Barbara’s Church is a ground weakness along a fault that seemingly crosses
the foundations of the church. This instability is possibly enhanced by the flow of saline
hydrothermal fluids along the fault plane. Our results are being used to guide the work
of consolidating the church’s foundations, especially under the facade and the side walls
crossed by the inferred north–south fault.
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This work highlighted the importance of a multidisciplinary approach to case studies,
in line with other recent studies on similar architectural situations in Europe [78–81], in
order to define and better constrain the geological, structural and geochemical features
of urbanized areas prone to geological hazards. The adopted approach, though difficult
because of the logistical problems created by the presence of a densely populated and
built-up area, allowed us to identify (and/or to hypothesize) tectonic structures that in
the long term could influence the stability not only of the studied church, but also of other
artifacts of cultural/historical importance in the same area. Therefore, in the future we plan
to develop a “protocol” of research activities to be carried out in densely populated cities
whose geodynamics suggest the presence of active fault zones and/or volcanic features
(e.g., potential sites of mud volcano eruptions or thermal fluid releases at the surface).
The purpose of such a protocol could be the construction of geohazard maps that would
be useful for planning the protection and conservation of historic buildings otherwise
inevitably destined be erased from the local historical and cultural memory.
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