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A B S T R A C T

Low-to-medium temperature fluid reservoirs hosted in carbonate rocks are some of the most promising and
unknown geothermal systems. Western Sicily is considered a key exploration area. This paper illustrate a
multidisciplinary and integrated review of the existing geological, geochemical and geophysical data, mainly
acquired during oil and gas explorations since the 1950s, specifically re-analyzed for geothermal purposes, has
led to understanding the western Sicily geothermal system as a whole, and to reconstructing the modalities and
particular features of the deep fluid circulation within the regional reservoir. The data review suggests the
presence of wide groundwater flow systems in the reservoir beneath impervious cap rocks. We identified the
main recharge areas, reconstructed the temperature distribution at depth, recognized zones of convective
geothermal flow, and depicted the main geothermal fluid flow paths within the reservoir.

We believe that our reconstruction of geothermal fluid circulation is an example of the general behavior of
low-to-medium enthalpy geothermal systems hosted in carbonate units on a regional scale. Due to the recent
technological developments of binary plants, these systems have become more profitable, not only for
geothermal direct uses but also for power production.

1. Introduction

With the exception of active volcanic areas where geothermal
reservoirs are generally hosted in permeable volcanic horizons (e.g.,
Henley and Ellis, 1983; Moeck, 2014), deep carbonate aquifers host
what are probably the most important geothermal resources in the
world (e.g.; Gousmania et al., 2006; Homuth et al., 2015; Minissale and
Duchi, 1988; Mohammadi et al., 2010; Pasquale et al., 2014; Simsek,
2003). Within karstified carbonates, widespread fracture systems
generally play an important role in geothermal fluid flows, both as
recharge and discharge, such as occurs in the high-enthalpy Larderello-
Travale geothermal field in Italy, the most famous high-enthalpy
reservoir hosted in carbonates units (e.g., Bertini et al., 2006;
Minissale, 1991; Romagnoli et al., 2010; Sani et al., 2016).

The features and behavior of these high temperature systems are
uncommon because of the exceptional nature of the heat source,
however they are fairly well known due to the great economic interest
in these resources, and their longtime exploitation. On the other hand,
low-to-medium temperature reservoirs (i.e. below 150 °C) are wide-
spread, but much less understood. These geothermal systems are not
strictly related to an individual heat source and thus they can be
characterized by much greater extent. Because of the high permeability

and storage and drainage capacity of limestones and dolostones, these
systems are very favorable targets, also on a regional scale, for
exploiting geothermal energy. These geological units often host sig-
nificant low-to-medium temperature resources, and can be found, for
example, in central Europe (Goldscheider et al., 2010 and references
therein) and China (Duan et al., 2011).

These kinds of reservoirs are already exploited both for electric
power generation and district heating. Table 1 reports a list of
applications in central Europe. These low-to-medium temperature
applications are still not well developed worldwide because research
has been mainly targeted at high temperature systems suitable for
producing electricity.

In Italy, low-to-medium temperature systems are underdeveloped,
despite the huge geothermal potential (Trumpy et al., 2016; Cataldi
et al., 1995). There is only one good example of the use of such
carbonate circulating fluids for space heating near the city of Ferrara in
northern Italy (Gianbastiani et al., 2014). Mesozoic carbonate rocks
constitute the backbone of the Italian peninsula, as well as western
Sicily, which is a natural laboratory for the study of these low-to-
medium temperature geothermal systems.

We choose western Sicily as a key area because, from a geothermal
point of view, Sicily (Fig. 1) is a very stimulating area characterized by
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the presence of: i) several thermal manifestations at the surface some of
which are used for balneotherapy (Alaimo et al., 1978,; Caracausi et al.,
2005; Favara et al., 1998; Favara et al., 2001), ii) localized areas of
moderately high heat flow (Della Vedova et al., 2001) and iii) thick
carbonate units extending from the surface down to great depths
(Catalano et al., 2013 and references therein; Montanari et al., 2015).

In the southernmost part of the study area, several hydrocarbon
exploration wells, drilled since the 1950s, have provided new geologi-
cal data to define the geometric relationships between the tectonic units
above the limestones and the structural reconstruction at depth
(Catalano et al., 1995; Catalano et al., 1998; Catalano et al., 2002).
In addition, a great amount of seismic, well-log data (i.e., thermometric,
sonic, gamma-ray) and geochemical data have been useful for assessing
regional geothermal resources.

According to a geothermal perspective, we reviewed the data that
were also integrated with geological surveys, and new geochemical
data collected at surface on a large number of thermal springs. The
multidisciplinary and integrated work presented here enabled us to
decipher the functioning of the regional-scale geothermal system
which, in our opinion, could be taken as an example for many other
similar geothermal systems worldwide. Our objective is also to stimu-
late and promote research into these low-to-medium temperature
systems, since they represent one of the most readily-exploitable
conventional geothermal sources (e.g. Trumpy et al., 2016).

2. Geological and geothermal background

The western Sicily fold and thrust belt connects central and eastern
Sicily to the Late Cenozoic Maghrebian submerged chain developing
along the African-European plate boundary (Fig. 1). This chain involves
a complex architecture of thrust systems resulting from a deformation
history which has been active since Oligocene-early Miocene times (e.g.
Barreca and Maesano, 2012; Bello et al., 2000; Catalano et al., 1996;
Catalano et al., 2002; Catalano et al., 2013; Di Stefano et al., 2015;
Lentini et al., 1994; Monaco et al., 1996).

Western Sicily is constituted at depth by Mesozoic carbonate
platforms and their clastic covers, which are Cretaceous to Miocene
in age. From a structural point of view this portion of the chain is
characterized in the northern sector by a tectonic stack of units up to
12 km thick (Catalano et al., 2002) and by a less deformed southern
sector, but still affected by shortening (Barreca et al., 2014). Conse-
quently, in the northern portion of western Sicily, carbonate platform
units and covers extensively crop out as they are involved in a regional
structural high, whereas, to the southeast, these units are encountered

only in deep wells drilled for oil exploration (Figs. 1, 2 and 3).
The tectono-stratigraphic assemblages, now exposed in the western

Sicily chain, are derived mainly from carbonate platforms and inter-
vening basins lying on a sector of the Mesozoic African margin
(Catalano et al., 1996). Various stratigraphic and tectonic studies in
Sicily have confirmed that these Paleozoic-Mesozoic to Miocene units
represent the sedimentary cover of distinct paleogeographic domains
(locally named Imerese, Sicanian and Pre-Panormide, Panormide,
Trapanese, Saccense and Iblean-Pelagian). These domains belonged to
the Pelagian/African continental margin and to the “Tethyan” ocean
branch prior to the onset of the deformation (Catalano et al., 2000 and
reference therein; Bernoulli, 2001). Clastic-terrigenous Miocene-Pleis-
tocene rocks deposited in foreland and wedge-top basins during the
deformation of the continental margin domains cover these carbonate
rocks, acting as a cap rock for the geothermal system at depth. For the
stratigraphic characteristics of the different units exposed in Sicily, see
Fig. 2 in Montanari et al., 2015.

These units are assumed to lie on top of the possibly Pan-African
crystalline basement (Vai, 2001; Finetti et al., 2005; Accaino et al.,
2011).

Western Sicily is bordered to the south by the Sicily Channel (Fig. 1)
connecting the western and eastern parts of the Mediterranean Sea
(Corti et al., 2006; Belguith et al., 2013 and references therein). This is
a tectonically complex area where different unrelated geodynamic
processes such as rifting and mountain building interact at the same
time. In the Sicily Channel (Fig. 1) magmatism has been active since the
Miocene age (Civetta et al., 1998) but is mainly associated with
Pliocene-Pleistocene rifting (Corti et al., 2006). The magmatism is
concentrated mainly on the Pantelleria and Linosa volcanic islands (e.g.
Avanzinelli et al., 2013). In addition, in 1831 on the Graham Bank the
submarine volcano Empedocles gave rise to the ephemeral isle of
Ferdinandea located between the isle of Pantelleria and Sciacca on the
southern coast of western Sicily (Fig. 1). Many volcanic centers are also
present in the Sicily Channel such as the Pliocene-Pleistocene Anfitrite
and Tetide (Fig. 1), located in the Adventure plateau (Civile et al.,
2016). The Sicily Channel is accordingly characterized by heat flow
anomalies with maximum values on Pantelleria (Della Vedova et al.,
2001). We have very little information on the Mediterranean sector
between Pantelleria and Sciacca, however it is likely that the whole
area is affected by a thermal anomaly and may contain unexplored
geothermal systems connected with those in Sicily (e.g. Capaccioni
et al., 2011).

Regarding the thermal springs emerging in western Sicily (Fig. 2),
some are described in classical antiquity (e.g. the ancient Imera near
the present Termini Imerese) and, around “Terme Segestane” a
magnificent Greek temple highlighting the important role of thermal
springs during the Greek domination of Sicily. Most thermal springs
discharge along the seashore above or below sea level (Catalano et al.,
1988), or at low elevations near the coast. Others emerge inland at
relatively higher elevations, but always at the edges of the Mesozoic
carbonate outcrops (Alaimo et al., 1978), near their contacts with
terrigenous cover units. In addition to the evidence provided by the
thermal springs, many measurements within oil and gas wells showed a
positive heat flux (Fig. 1c) and temperature anomalies at depth along
the coastal area, especially between Marsala and Agrigento (Cataldi
et al., 1995; Fancelli et al., 1991).

A further element contributing to the geothermal favourability and
potential (Trumpy et al., 2015; Trumpy et al., 2016) of the region, is the
fact that the tectonic deformation in western Sicily is still quite active
(e.g. Angelica et al., 2013; Barreca et al., 2014; Farolfi and Del
Ventisette, 2015), as evidenced by historical and instrumental seismi-
city (Lavecchia et al., 2007). Southwestern Sicily is characterized by
active shortening as dramatically testified by the 5.9 magnitude
destructive earthquake occurring in the Belice valley in 1968
(Monaco et al., 1996). Archaeoseismological studies also indicate that
the ancient Greek colony of Selinunte located in between Mazara del

Table 1
Example installations in Central Europe currently producing geothermal energy from
carbonates (modified after Goldscheider et al., 2010). The Ferrara data from http://
geodh.eu/project/ferrara/. NA not applicable, ND no data available.

Location Production T
(°C)

Well depth (m) Installed
capacity (MW)

Altheim (Austria) 106 2300 11.5
Bad Blumau (Austria) 110 2843 7.6
Bad Waltersdorf (Austria) 63 1400 2.3
Ferrara (Italy) 105 1100 14
Geinberg (Austria) 105 2225 7.8
Simbach Braunau

(Austria)
81 2200 9.3

Paris Basin (France) 50–85 1400–2000 NA
Riehen (Switzerland) 66 1547 3.6
Erding (Germany) 65 2350 8
Pullach (Germany) 107 3443 6
Riem (Germany) 93 2746 9
Unterföhring (Germany) 86 2512 ND
Unterhaching (Germany) 123 3346 40
Unterschleissheim

(Germany)
81 1960 13
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Vallo and Sciacca, was destroyed between 370 and 300 BCE (Bottari
et al., 2009), thus providing evidence that the 1968 earthquake was not
an isolated event for the area. Through analysis of satellite images,
observations by Barreca et al. (2014) provide additional evidence of
active thrusting in SW Sicily and the Sicily Channel.

Active extensional tectonics affect the northern sector of the study
area, related to the geodynamics of the southern Tyrrhenian back-arc
basin.

Active tectonic deformation significantly contributes to the geother-
mal fluid flows in the region since it keeps the fractures open,
dynamically sustaining effective permeability within the reservoir both
upwards and downwards (e.g.; Bjornsson et al., 2001; Curewitz and
Karson, 1997; Sibson, 1996).

3. Characterization of the geothermal circulation of fluids in
western Sicily

In order to identify the main characteristics of the geothermal
systems in western Sicily, all geological, hydrogeochemical and geo-
physical data from the literature were selected and critically revised. As
a starting point we reviewed the datasets from the first attempt to
evaluate the geothermal potentialities of Sicily, performed by the
National Research Council of Italy, within the framework of the
inventory of geothermal resources promoted in the 1980s by the
Italian Ministry of the Industry (Catalano et al., 1982; Fancelli et al.,
1991; Fancelli et al., 1994). These previous studies identified the main
geothermal reservoir within the Mesozoic carbonatic units (e.g. Fancelli
et al., 1991), the top of these units being recently mapped on a regional

Fig. 1. a) Simplified tectonic map of Sicily and central Mediterranean (modified according to Catalano et al., 2013). b) Location of the studied area (modified from Google Earth). c) Heat
flow map of Sicily (redrawn from Della Vedova et al., 2001 and Google Earth).
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scale (Montanari et al., 2015). We updated the datasets with new data
from the literature and the Italian National Geothermal Database
(Geothopica, 2012), together with new data gathered in the present
study. The Italian Geothermal Database (Trumpy and Manzella, 2017)
was recently updated with information from oil and gas boreholes
(mostly well-log data) from the Italian Oil Co (AGIP, now ENI S.p.A.),
and published by the Ministry of Economic Development.

3.1. Well-log data

Identifying and characterizing geothermal reservoirs draws on
techniques common to petroleum exploration. To constrain the geother-
mal system and assess the petrophysical properties to the main
lithological units, we used exhaustive lithostratigraphic data, borehole
geophysical logs, drill-stem tests, core analyses and technical drilling
information, e.g. lost circulation during drilling and drilling mud
weights, from several hydrocarbon exploratory wells. A lithological
analysis identified the deep-seated carbonate reservoir units, character-
izing the thickness of the overlying sedimentary cover units acting as
cap-rock. These units are constituted by Tertiary clay-rich siliciclastic
sediments in which the well-log notes highlight a significant ground-
water flow exclusively confined to the upper zone (generally within
200 m of depth from ground level). The well-log data analysis
confirmed how thermal waters circulate exclusively within the
Mesozoic carbonates units. Even where these units are overlain by

Miocene limestones, the latter are not affected by significant water
circulation with just very rare exceptions (Fig. 4 and Appendix A). The
Mesozoic units consist of fractured limestones and dolostones whose
fracture networks lead to the development of important groundwater
flow systems (Fig. 4 and Appendix A).

To gain an insight into the thermal conductivity distribution at
depth, a quantitative lithology characterization was performed, based
on the processing of the combined responses of the gamma ray and
sonic logs recorded every meter along selected boreholes. We assumed
that each specific tool response varies in direct response to the
proportion of each constituent of the bulk rock including pore-fluids
(Fisher et al., 1992). We chose to solve for idealized pure lithologies
with average properties rather than individual mineral components. In
the cover units, we solved the petrophysical model for the volume
fraction of porosity, shale and sandstone. We assumed a sonic velocity
of 300 μs/ft and 60 μs/ft and a gamma ray radiation of 170 API units
and 30 API units for shales and sandstones, respectively. In the
reservoir units, for the porosity, we investigated limestone and dolos-
tone volume fractions.

We assumed a sonic velocity of 46 μs/ft and 44 μs/ft and a gamma
ray radiation of 5 API units and 15 API units for limestones and
dolostones, respectively. The pore-filling fluid was assumed to be salt
water with a sonic velocity of 185 μs/ft and a negligible gamma ray
radiation.

Well logs also provided very useful temperature data measured

Fig. 2. Geological map of western Sicily, the location of geothermal manifestations and deep wells are also reported (modified from Abate et al., 2015).
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within the reservoir. This thermal data, mainly bottom-hole tempera-
tures (BHT) (Fig. 4 and Appendix A), were corrected for the thermal
effects due to the drilling (Pasquale et al., 2008; Trumpy et al., 2015).

When time-temperature series of BHTs from the same borehole and
depth interval were measured, we applied the well-known Horner
method (Lachenbruch and Brewer, 1959) to extrapolate the static
bottom-hole temperature (SBHT). Otherwise, when only single couples
of BHT and related shut-in time (Δt) were available, we employed a
technique that enable to correct single BHT-Δt data as function of the
measurement depth and Δt (Pasquale et al., 2012 and references
therein). This empirical correction based on the roughly proportionality
between the slope of the regression line in the Horner plot and the

strength of the heat supplied to the borehole per unit length and unit
time as function of depth. We calibrated our empirical depth-time
correction by a 2nd-order polynomial regression through the Horner-
slope data evaluated over a broad area in Southern Italy (Gola et al.,
2013; Trumpy et al., 2016). The analysis of temperatures measured
inside the regional geothermal reservoir enabled us to identify distinct
thermal signatures within the different parts of reservoir moving from
the feeding areas (Montagna Grande-Alcamo to the North and Mt.
Magaggiaro to the Southeast) towards the distal southwestern sector
(Fig. 5). On and near to the outcropping carbonate units, the measured
temperatures defined an average geothermal gradient of about 10 °C/
km (yellow circles in Fig. 5) with a surface intercept very close to the

Fig. 3. Geological cross sections showing the structural geometries at depth. Locations are also reported in Fig. 2 (modified from Abate et al., 2015). The geological cross-sections were
mainly built from field data collected at surface, deep wells, published seismic reflection profiles (e.g. Catalano et al., 1995; Catalano et al., 1998; Catalano et al., 2002) and unpublished
seismic profiles kindly provided by Eni S.p.A, in the frame of the Vigor project.
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measured data at shallow depth (blue circles in Fig. 5). The shallow
section has an average temperature of 35 °C at 300 m below ground
level, the latter coinciding approximately to the water table depth in
the above-mentioned outcropping sites. In the southwestern sector, we
still observed inside the reservoir a low geothermal gradient of 11 °C/
km (red circles in Fig. 5), but the average temperature of the deep-
logged section increased from 60 °C, measured in the proximal parts of
the system, up to 95–100 °C in the distal one. A formation tempera-
ture > 100 °C was measured in the Contrada Triglia1 well near
Mazara del Vallo, at 2200 m below ground level. Among many factors
controlling the convective heat transport (e.g. the regional heat flow,
the permeability and the thickness of the reservoir unit and physical
heterogeneity within it), also the distance from the recharge areas
seems to control the thermal setting within the regional reservoir. The

infilling meteoric fluids cooled the temperature profiles in the sectors
close to the outcropping reservoir. Moving out from the feeding areas,
the heat flow from the underlying basement warms the circulating
fluids and the resulting gravitational instability due to the initial
geothermal gradient may trigger convection currents within the water
column. The latter process seems to be at the origin of the surface heat
flow anomalies observed in the distal part of the system, in the
southwestern sector.

In 17 hydrocarbon exploration wells, the permeability was evalu-
ated through an analysis of 29 drill-stem tests (DST) performed in the
Mesozoic carbonate formations. The average depth of the tested
intervals, with a typical thickness of about 35–40 m, ranged from 840
to 2920 m. Jointly, porosity and permeability values measured in the
laboratory on> 370 carbonate deep core samples, ranging from a few

Fig. 4. Example of compiled well data sheet; symbol legend as in Appendix A.Example of compiled well data sheet; symbol legend as in Appendix A.
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hundred meters to over 6 km depth, were collected from 86 wells (data
from ViDEPi Project: http://unmig.sviluppoeconomico.gov.it/videpi/
progetto.htm) exploring analogous deep-seated carbonate platforms.
Quantitative DST analysis assumed the following ideal conditions: i)
single-phase radial flow, ii) homogeneous and infinite reservoir and iii)
steady-state flow conditions.

The results displayed a relatively wide range of permeability from
1.9 · 10−16 m2 to 1.2 · 10−13 m2. Due to the basic assumptions and data
quality, the permeability values obtained resulted in a first-order-of-
magnitude estimation. Sources of uncertainty were i) the computed
flow rate which could underestimate the true value because of the
relatively short flow time in the DST, and ii) the estimation of the fluid
viscosity under reservoir conditions. Laboratory measurements showed
an average porosity of 6% with values varying from< 1% to over 30%.
The high porosity values were more common in the dolomitized
sections than in limestones. The average core permeability ranged
from< 1.0 · 10−18 m2 to 7.7 · 10−13 m2 measured on fine-grained
dolostones and vuggy dolomicrites, respectively. Fig. 6 shows the
permeability values as a function of the average depth of the tested
and cored intervals.

The presence of fractured intervals was also evidenced by the lost

circulation data. Both partial and total lost circulation were observed.
Several situations can result in lost circulation, e.g. formations with an
inherently high permeability or inappropriate drilling conditions.

3.2. Geochemistry of natural thermal water and methane manifestations

In the western sector of Sicily both thermal springs and CH4-rich gas
manifestations associated with mud volcanoes (locally known as
“macalube”) are present (Figs. 1 and 2). Some thermal springs are
located at low elevation near the coast (Termini Imerese, Selinuntine); a
few emerge inland at relatively high elevations (Sclafani Bagni: 430 m;
Cefalà Diana: 380 m); others are located along the Neogene basins at
the foot of Mesozoic limestone outcrops (Segestane, San Lorenzo and
Montevago springs, the latter also called Acqua Pia, Acque Calde and
Vuturo in the literature), see Fig. 7 for thermal springs location. Most
have been analysed on a regional scale in the past century (Alaimo
et al., 1978, 1990; Dall'Aglio, 1966; Dall'Aglio and Tedesco, 1968;
Carapezza et al., 1977; Fancelli et al., 1991, 1994; Favara et al., 1998;
Gino and Sommaruga, 1953) as well as this century (Favara et al., 2001;
Grassa et al., 2006). Some detailed studies for singular emission areas
have also been carried out locally, especially at Termini Imerese and
Selinuntine, respectively (Alaimo, 1984a, 1984b; Alaimo and Tonani,
1984; Antolini and Sommaruga, 1953; Aureli, 1996; Capaccioni et al.,
2011).

Apart from natural thermal emergences where good data sets are
available, scattered and incomplete analyses of fluids from oil wells
(ENI S.p.A.) (Fig. 2 for location) analysed at the end of drilling (mostly
from 1955 to 1961) and included in the Italian Geothermal Database,
were considered in the present review. Table 2 shows all the available
data from the literature and new unpublished data for the Termini
Imerese area. The main components for both springs and wells are
plotted in the Langelier-Ludwig diagram in Fig. 8. The diagram shows
four main groups: i) low-salinity (< 1 g/L) Ca-HCO3 and Ca(Na)-
HCO3(Cl)type waters for the Cefalà Diana, Trabia and Fontana Calda
(Sciacca) springs, ii) intermediate salinity (> 1,< 2,5 g/L), Ca-SO4-
type for the Segestane and Montevago springs and iii) Na-Cl(HCO3) for
the Acqua Fitusa spring, and iv) high salinity (> 10 g/L) Na-Cl type for
the remaining samples including the near the coast emergences of
Selinunte and Termini Imerese, the Sclafani spring and all the deep oil
wells (Biddusa, Cerda 1, Contrada Triglia 1, Gazzera 1, Lippone 1,
Sciacca and Milo; see locations in Fig. 7).

As already reported in other research on the Sicilian thermal springs
(e.g. Alaimo et al., 1978), group i) comprises springs with relatively
short circulation path in the local thermal anomalous area, group ii) has
the typical composition of waters with a regional circulation in lime-
stones and dolostones not only in Sicily but the entire Italian peninsula
(Lotti, 1910), group iii) is represented by the Acqua Fitusa sample with
a likely local Na-HCO3 signature not necessarily related to a real deep
thermal aquifer due to the relatively low emergence temperature, group

Fig. 5. Temperature measurements within the carbonate reservoir. a) Well location with respect to the zone where the carbonate units outcrop; b) temperature values vs. depth of
measurement. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 6. Permeability values as a function of the average depth of the tested and cored
intervals.
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iv) is characterized by the presence of sea water in their circuits and/or
formation waters and/or halite horizons in the Neogene sediments
(Alaimo et al., 1978; Fancelli et al., 1991; Favara et al., 1998, 2001;
Grassa et al., 2006).

To highlight the origin of the water feeding the hydrothermal
circuits in western Sicily in terms of their isotopic composition, Fig. 9
shows a multiple δD-δ18O, δD-elevation, δD-Cl and δ18O-Cl. From the
δD-δ18O diagram (a: top left), and as already commented on in the past
(e.g. Favara et al., 2001; Grassa et al., 2006), it is evident that the
Segestane, Montevago, Cefalà Diana, and Termini Imerese thermal
springs and the water of the Milo well (the only deep oil well with
available δD and δ18O data), fall between or along both the Global
Meteoric Water Line (GMWL: Craig, 1961) and the Local Meteoric
Water Line (LMWL: Favara et al., 1998), the latter being very similar to
the Mediterranean Meteoric Water Line as defined by Gat and Carmi
(1970). Hence, the feed mainly occurs by meteoric water. By contrast,
the thermal springs from Selinuntine, Sclafani and Acqua Fitusa show a
significant shift from both the GMWL and the LMWL, especially for the
hottest (56 °C) spring of the Selinuntine emerging near the town of
Sciacca. The diagram in Fig. 9 suggests that the latter spring might be a
mix between local meteoric waters and a shifted high-temperature
Mediterranean Sea end-member, with a δ18O of +5.0 (‰ vs V-SMOW)
as already proposed as a possible mixing process (Capaccioni et al.,
2011; Grassa et al., 2006).

A similar mixing with a shifted seawater component has already
been invoked in Sicily for the shallow aquifer present in the volcanic
Islands of Vulcano (see Fig. 1 for location) (Bolognesi and D'Amore,
1993; Chiodini et al., 2000; Minissale, 1992) and Pantelleria (Doveri
and Grassi, 2010; Duchi et al., 1994; Grassi et al., 1995; Parello et al.,
2000). This process does not seem likely for the Selinuntine spring. In
fact, a close examination of the δD-Cl diagram in Fig. 9c (bottom left)
suggests a mixing between meteoric water and SMOW, as expected
because hydrogen does not typically reacts with rock minerals and

therefore is representative of the local altitude of recharge. The δ18O-Cl
diagram in Fig. 9d (bottom right), on the contrary, clearly suggests a
mixing between a meteoric water end-member and the Mediterranean
Sea. According to these two diagrams (Fig. 9c and d), the oxygen shift
shown in Fig. 9a by the Selinuntine thermal spring must be related to an
active hydrothermal system not necessarily related to the shifted
Mediterranean Sea water, despite being shifted, as hypothesised by
other authors (Capaccioni et al., 2011; Favara et al., 2001). This
hypothesis, i.e. of a hydrothermal system present at depth, possibly
offshore, not necessarily affected by the feeding of the Mediterranean
Sea, is further corroborated by the analysis of trace elements in the
thermal springs. As already reported by Favara et al. (2001), Br, Li, B
etc., all are much higher than sea water (e.g. in the Br-Cl diagram in
Fig.10) which clearly suggests prolonged water-rock interaction under-
ground.

The remaining diagram in Fig. 9 b, reports two lines of δD variation
with elevation (lines 3 and 4) representing rainfall that infiltrates at
different altitudes in the southern and northern sectors of W-Sicily,
respectively. Such lines derive from literature data (Fancelli et al.,
1991; Liotta et al., 2013), which refer to local cold springs, using the
approach proposed in other areas of central Italy (Doveri and Mussi,
2014; Minissale and Vaselli, 2011). We coupled the altitude and the δD
values of springs located close to the peak of local reliefs, likely
representing the local groundwater isotopic signature, whose average
feeding altitudes are slightly higher than the spring altitudes. Such
springs, shown in Fig. 11, were selected according to the different
isotopic features of rainfall registered by Liotta et al. (2013) in these
two N and S sectors.

In order to estimate the average recharge elevations of the regional
flow-paths, clearly excluding those springs affected by sea water mixing
(i.e. Selinuntine and Termini Imerese springs), in Fig. 9b we plotted the
thermal spring values and compared them with the respective feeding
sectors (N and S) as deduced from local cold springs as described above.

Fig. 7. Location of the thermal springs, deep wells described in Section 3.2.
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The higher values of average recharge elevation are within the range of
600–750 m a.s.l., and refer to the springs of Segestane, Montevago and
Cefalà Diana. For the Montevago spring, such average altitudes high-
light how the recharge area also significantly extends into the inner part
of the Sicani Mts (Fig. 11), where carbonate units widely crop out
(Fig. 12).

Groundwater flows that originate from these mountainous zones
extend for 30–40 km underground before flowing out at the spring sites.
This thus demonstrates the regional character of the Mesozoic carbo-
nate reservoir, at least in some sectors of W-Sicily, and its significant
continuity beneath the impervious cover. This also agree with both the
high flow rates (> 100–200 L/s; Dall'Aglio and Tedesco, 1968;
Carapezza et al., 1977; Catalano et al., 1982; Monteleone and
Pipitone, 1991) and the lack of tritium in the Segestane and Montevago
springs (Fancelli et al., 1991), thus suggesting an apparent residence
time of> 50 years. As regards the Acqua Fitusa spring, the average
elevations of recharge water was about 400–500 m a.s.l., whereas for
Fontana Calda (Sciacca) a value of about 200–250 m a.s.l. was
obtained. Taking into account the location of these springs and the
morphology in their surrounding zones (Fig. 11), such values could
indicate a significant drainage of groundwater which originates locally,
in agreement with the chemical-physical discussion.

As far as the gases associated with the singular thermal emergence
areas in western Sicily are concerned, they clearly reflect the under-
ground circuit. In general, there is a progressive increase in CO2 and a
simultaneous decrease in N2 from the northernmost Segestane and
Termini Imerese springs along the Tyrrhenian coast (both with
N2 > 90%), southwards to the Selinuntine emergences, where the
CO2 is over 90%. This difference is clearly related to a different ratio
between descending meteoric, N2-rich recharge water in the northern
sector and deep, hot, CO2-richer rising water, clearly increasing by
moving southwards. The Sclafani, Cefalà Diana and Montevago springs,
all located in between Segestane and Termini Imerese, have approxi-
mately 50% N2 and 50% CO2. As a matter of fact, If CO2 points to a deep
hot origin, possibly from an active hydrothermal system or the mantle
at least in the Sciacca area according to the high 3He/4He ratio (R/
Ra = 2.7) and a δ13C of CO2 in the mantle range (−3.0 to −6.0‰
PDB; Capaccioni et al., 2011), N2 clearly reflects the recharge infiltrat-
ing water in the other emergencies. The warming up of the descending
meteoric air-saturated recharge water, on a regional scale, lowers the
solubility of nitrogen (oxygen is typically consumed in oxidative
processes) which increases again towards the atmosphere as dissolvedTa
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Fig. 8. Langelier-Ludwig diagram for the thermal samples investigated (see text for
details).
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free nitrogen in the hot rising water. The increase in CO2 in the gas
phase associated with the spring waters from the north to the south, is
paralleled by a simultaneous increase in the 3He/4He ratio which peaks
at the Selinuntine emergences near Sciacca. In a regional survey in
western Sicily Caracausi et al. (2005) interpreted this feature as due to
an outgassing through deep N-S extensional fault systems linked to the
presence of mantle magmas intruded into the continental crust in
western Sicily.

To complete the characterization of natural fluid emissions in
western Sicily, the presence of CH4 rich vents needs to be briefly
discussed. In the 1950s, when oil was discovered in the Gela basin and
the Sicily channel, the presence of the “macalube” at Bissena, Aragona
and Fuoco di Censo (Figs. 1 and 2) was clearly related to marine
sediments in the Caltanissetta basin (Fig. 1). It is reasonable to think
that this prompted AGIP, the Italian oil company, to also carry out an
exploration activity in western Sicily. Several wells were drilled up to
3000 m deep (Fig. 2) also near Sciacca, but no oil and only a little CH4

was discovered (Videpi final well reports). Nevertheless, the 3He/4He
ratio of 0.65 R/Ra measured at the macalube of Aragona (location in
Fig. 1), without the presence of nitrogen, and therefore possible air
contamination (R/Ra = 1 in air), suggests that the emission here is also
affected by some mantle helium-3, as the R/Ra ratio is much higher
than the expected value for a typical crustal gas enriched in 4He (R/

Fig. 9. Diagrams δD-δ18O (a), δD-elevation (b): 1 - cold springs located in the southern sector of W-Sicily, data from Fancelli et al. (1991) and Liotta et al. (2013); 2 - cold springs located
in the northern sector of W-Sicily, data from Liotta et al. (2013); 3 - regression line referring to points 1, “Elevation (m) = −54.2 × δD‰ − 1278.6 [R2 = 0.89]”; 4 - regression line
referring to points 2, “Elevation (m) = −63.6 × δD‰ − 1902.0 [R2 = 0.97]”), δD-Cl (c) and δ18O-Cl (d).

Fig. 10. Binary diagram of Cl vs Br for the thermal waters investigated showing a marked
Br enrichment with respect to the seawater mixing line for the Selinunte-Sciacca samples.
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Fig. 11. Location of the thermal and cold springs used to obtain the isotope-altitudes relationships.

Fig. 12. Areas in which the top of the geothermal reservoir matches the topography.
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Ra< 0.05; O'Nions and Oxburgh, 1988).
At Sciacca, the CO2, the δ13C signature of CO2, the high R/Ra ratio

and the relatively small, but existing δ18O shift in thermal springs all
suggest the presence of a deep geothermal reservoir. As the volcanic
centre that formed the isle of Ferdinandea in the 19th century is only
20 km offshore from Sciacca (Fig. 1), it is reasonable to suppose that the
mantle magma that produce 3He and the geothermal systems that
produce hydrothermal CO2 is located offshore. If this is the case, it is
likely that the thermal water from the Selinuntine spring comes from a
tectonic structure with convective circulation prevalently offshore.

4. 3D reconstruction of structural geometries at depth

The backbone of Western Sicily is mostly composed of a Meso-
Cenozoic shelf and deep-water carbonates. These units were found to be
tectonically thickened and uplifted in the northern - more deformed -
sectors where these units widely crop out, while in the south-western
sector they were buried under the syn-tectonic clastic deposits filling
the Castelvetrano Basin (Fig. 2) (e.g. Catalano et al., 2002). In SW Sicily
these units, which host the regional geothermal reservoirs (Fancelli
et al., 1991; Montanari et al., 2015), were only encountered in deep
wells and imaged by seismic reflection profiles. South of the Belice
river, these units crop out again in at the Mt. Magaggiaro-Pizzo
Telegrafo ridge (Catalano et al., 2000) (Figs. 2 and 12). To reconstruct
the attitude at depth (isobaths) of these units, we integrated all the
available geological and geophysical data (Fig. 13), which were mainly
produced within the framework of previous oil and gas explorations,
such as seismic reflection profiles and deep wells (Catalano et al., 1995;
Catalano et al., 1998; Catalano et al., 2002).

Although it did not produce satisfactory results for the oil and gas
industry, this hydrocarbon exploration provided a large amount of
useful data for geothermal exploration. The seismic reflection data as
well as deep wells were unevenly distributed in the area (e.g. Montanari
et al., 2015). We used all the data available in the literature and a
confidential dataset kindly provided by Eni S.p.A. for the VIGOR project
and located in the SW of the study area. The analysis of the data and
their modeling also led to interpretative geological cross sections along
the seismic profiles, which were subsequently used for a three-dimen-
sional reconstruction of the top of the regional reservoirs (Figs. 2 and
3). In the sectors where direct information was missing, deep geological
cross sections were created on the basis of geological maps. The
Bouguer gravity data, generally valid for the interpretations of struc-
tures at medium depth, enabled to constrain the trend in depth of the

top of the carbonate units For this purpose we used the reconstruction
of the buried carbonate units based on geophysical modeling of the
available Bouguer and free-air gravimetric data (Carrozzo et al., 1986;
ISPRA, ENI, OGS, 2009) by Montanari et al., 2015. These geophysical
data were used to extrapolate the top of the carbonate surface where
direct information (e.g. well data or even high quality seismic profiles
were missing (Montanari et al., 2015).

The 3D geological modeling enabled us to recognize a general
spatial continuity of the geological units and to define the deep tectonic
structural setting of western Sicily (Fig. 14). This area was found to be
characterized at depth by several structural highs and lows although a
degree of lateral continuity within the Mesozoic carbonates (i.e. the
regional reservoirs) was clearly evident. Due to the characteristics of
the dataset, fault surfaces were not modeled however in our opinion
this did not particularly affect the surface reconstruction at this regional
scale.

In the Mazara del Vallo area, a NE-SW trending structural high was
clearly evident, interpretable as a thrust anticline. Moving to the SE,
this structure was flanked by another parallel structure developed
between Campobello di Mazara and the Castelvetrano Basin (for the
location of these places see Fig. 2). These two structures were separated
by an elongated deep depression. Barreca et al. (2014) recently
reported signs of active tectonic activity related to this latter structure.

To the north, these structures appeared to stop against the Lippone
structural high, approximately east-west oriented and interpretable as
the result, on a small scale, of the juxtaposition of some lateral thrust
ramps. The Lippone high was encountered in oil exploration wells and
hosts an exploited gas field within the Miocene terrigenous deposits
(Pieri, 2001).

Moving to the north, the top of the carbonate units tends to plunge
further, reaching a maximum depth (over 4000 m below sea level) and
then rising quickly in the Montagna Grande area (Figs. 2 and 15), where
these units come to the surface in the hanging wall of a main thrust
fault developed on a regional scale (Catalano et al., 2002).

Using the same approach, the top of the crystalline basement was
mapped by integrating the available data in the literature. Due to the
lack of direct well data, we achieved a first-order approximation of the
3D geometry, mainly based on indirect geophysical data.

The main input data, used as a benchmark for the 3D reconstruc-
tion, was the top of the magnetic basement as interpreted from
magnetic data by Cassano et al. (1986). The concept of a magnetic
basement is related to the high-to-intermediate magnetic susceptibility
of crystalline rocks compared to the low susceptibility of sedimentary

Fig. 13. a) Exemplificative view of the integration between different data (borehole stratigraphy, seismic profiles, and geological cross sections) during the 3D modeling; the mainly
purple surface represents the top reservoir surface during a step of the modeling approach. b) Base map showing the location of wells, traces of geological cross sections and seismic
profiles used for the reconstruction of the top of the geothermal reservoir surface (modified after Montanari et al., 2015). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 14. Contour map of the top of the regional reservoir, the thermal springs are also located with the relative temperature (adapted from Montanari et al., 2015).

Fig. 15. Geological and physical features used as inputs to solve the numerical model. The three lithothermal units are the impervious sedimentary cover unit (brown), the carbonate
reservoir unit (blue) and the magnetic basement unit (green). As thermal boundary conditions, thermal insulation on vertical walls and fixed temperatures at the upper (To) and lower
(Tz=20km) surfaces are used. The settings of the fluid dynamic model consist in no-flow boundary conditions applied to the buried reservoir walls and the freshwater head (phead) where
the reservoir unit crops out. The subplot in the lower-right corner displays the mesh element quality histogram. The traces of the vertical profiles in Fig. 6 and cross sections in Fig. 16 are
reported. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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rocks. In addition, we also integrated the few interpreted seismic
profiles imaging the seismic crystalline basement (e.g. Catalano et al.,
1996). The two datasets were comparable and suitable for an integrated
analysis.

The three-dimensional geophysical data integration, geological
modeling and mapping were carried out using “PETREL” software
(Schlumberger).

5. Thermal modeling

In our model, the geothermal system of western Sicily is described
by the combination of flow and heat transport equations over a 3D
domain of 175 × 100 × 20 km3. The differential equations are ap-
proximated through the finite element method on a tetrahedral mesh
grid counting> 106 nodes. Given that our goal is to reproduce the
actual temperature field of the geothermal reservoir, the time-depen-
dent terms of the balance equations were neglected in order to obtain
the steady-state solution. The geological and physical features used as
inputs to solve the numerical model are described below and shown in
Fig. 15.

The geometrical model considers three main lithothermal units,
from the top to the bottom: i) the impervious sedimentary cover unit

acting as a cap-rock, ii) the tectonically thickened carbonate units
hosting the main regional reservoir, and iii) the basement unit (see
Section 4 for details of the reconstruction of the top of these units). Each
lithothermal unit is composed of different rocks with similar thermal
and hydraulic properties. The rocks were treated as a homogeneous and
downward anisotropic porous material. Mixing laws were applied to
estimate the effective thermal and hydraulic properties of the rock-
water system accounting for the in situ conditions (depth and tempera-
ture). The physical parameters and the set of constitutive laws used to
characterize the macroscopic behavior of the lithothermal units are
summarized in Tables 3a and 3b.

Since the cap-rock and the basement units consist of mainly
impermeable rocks, we evaluated the thermal effects of the interplay
of the free convection and topographically driven groundwater flow in
the permeable reservoir domain. The fluid-velocity and the pore-
pressure fields in the impermeable units are fixed to zero and follow
a hydrostatic profile, respectively. In those domains, the fluid is
stationary and a purely conductive heat transport then takes place.
Instead, in the carbonate reservoir, regional hydraulic gradients and
hydrothermal convection affect the temperature field by mass and
energy transport. A volume force term is added in the momentum
equation to include the contribution of gravity and thermal buoyancy.

Table 3a
Physical parameters of the lithothermal units.

Symbol Cap-rock Reservoir Basement Reference

Physical parameter
Matrix thermal conductivity kmo [W/(m K)] 2.0 3.8 3.0 This study
Heat production A [μW/m3] 1.5 0.5 3.0 This study
Surface porosity ϕο 0.3 0.1 0.001 This study
Compaction factor c [1/km] 0.5 0.4 – This study
Superficial permeability Ko [m2] – 10−16–10−13 – This study
Skin depth d [m] – 1000 – Ebigbo et al. (2014)

Other constants
Standard gravity g [m/s2] 9.81
Standard temperature Tref [°C] 20
Standard pressure po [Pa] ~105

Average soil temperature Tav [°C] 18 Galgaro et al. (2012)
Thermal lapse rate Gth [°C/km] 6.4
Thermal conductivity correction factors TM [°C] 1200 Sekiguchi (1984)

kM [W/(m K)] 1.8418 Sekiguchi (1984)

Table 3b
Constitutive laws used to describe the macroscopic behavior of the water-rock system.

Material Variable Constitutive law Reference

Water thermal conductivity kw(T) 3th order-polynomial function valid in the temperature range 0–280 °C. Poling et al. (2001)
Water density ρw(T) 3th order-polynomial function valid in the temperature range 0–280 °C. Poling et al. (2001)
Water viscosity η(T) 6th and 3th order-polynomial functions valid in the temperature range 0–140 °C and 140–280 °C,

respectively.
Poling et al. (2001)

Rock porosity ϕ(z) φ(z)=φoexp(−c ⋅z) Pasquale et al. (2011)
Matrix thermal conductivity km(T) ⎡

⎣⎢
⎤
⎦⎥( )k T k k k( ) = + ⋅( − )⋅ −m M

Tref TM
TM Tref

mo M T TM−
1 1 Sekiguchi (1984)

Effective thermal conductivity keff (T,z) keff(T,z)=km(T)(1−φ(z)) ⋅kw(T)φ(z) Pasquale et al. (2011)
Permeability K(z) K(z)=Koexp(−z/d) Ebigbo et al. (2014)

Table 3c
Equation form of the thermal and fluid flow boundary conditions applied in this study.

Model Boundary Boundary condition Equation Note

Thermal Upper surface Dirichlet To(z)=Tav−Gth×z
Lower surface Dirichlet T20km = 300–500 °C
Vertical walls Thermal insulation −n ⋅ (−k∇T)=0 u is the normal vector

Fluid flow Reservoir outcrops Pressure, no viscous stress nT ⋅[po+η ⋅ (∇u+(∇u)T)] ⋅n=− fo
with u the fluid velocity field

fo is the freshwater head

Surfaces No-slip u = 0
Point Pressure constraint p = p(z) Hydrostatic profile
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The buried upper and basal boundaries of the reservoir are
impermeable to fluid flow, allowing only conductive heat transfer.
Accounting for the recharge zones, we applied a stress boundary
condition where the reservoir units crop out. As the reservoir is
assumed to be fully saturated, the pressure on those boundaries is set
as equal to the freshwater head calculated with a reference water
density of 1000 kg/m3 and the sea level as datum. Regarding the upper
and lower thermal boundaries, we defined the mean annual soil
temperature (Table 3a) and a specific isotherm at 20 km depth,
respectively. The vertical boundaries surrounding the 3D block multi-

layers do not allow a horizontal flow of fluid and heat. The equation
form of the thermal and fluid flow boundary conditions used here are
summarized in Table 3c.

As physical assumptions regarding rock properties and boundary
conditions often suffer from large uncertainties, different scenarios
varying the reservoir hydraulic permeability and thermal constraint
have been evaluated. The scheme of the parametric study consists in
several solutions resulting from all the combinations of the permeability
values and basal temperature varying in the range 10−16–10−13 m2

and 300–500 °C, respectively. Fig. 16 shows the simulated temperature

Fig. 16. Geological cross sections and superimposed simulated temperature distributions for a fixed basal temperature of 400 °C and reservoir permeability increasing from 1∙10−14 m2 to
1∙10−13 m2. The locations of the two deep boreholes discussed in the text are also reported.

D. Montanari et al. Earth-Science Reviews 169 (2017) 180–201

195



distributions for a fixed basal temperature of 400 °C and increasing
reservoir permeability along two cross-sections (see also Fig. 12 for
their location).

The fluid flow towards the local groundwater base level causes the
upwelling of the isotherms locally (Fig. 16). High superficial geother-
mal gradients characterize these sectors, nevertheless the temperatures
do not exceed 40–50 °C because of the shallowness of the processes.
With a superficial reservoir permeability lower than or equal to
1 ∙ 10−14 m2, the thermal anomalies due to free convection cannot
develop, and the deep temperature field is mainly controlled by the
conductive heat transfer (Fig. 16). Convection cells develop by increas-
ing the hydraulic permeability.

A minimum misfit between simulated and measured temperatures
was found for a reservoir hydraulic permeability of 5 ∙ 10−14 m2 and a
fixed basal temperature of 400 °C. Thermal data, mainly bottom-hole
temperatures (BHT) measured deep hydrocarbon exploratory wells
(Fig. 4 and Appendix A), were used as control points on which the
overall best fit was assessed.

The thermal effects due to the drilling were evaluated in order to
correct the BHTs (Pasquale et al., 2008, Trumpy et al., 2015). Although
the quality of the thermal data was also generally low with a mean error
of the order of± 10%, the dataset was adequate to highlight the main
regional thermal anomalies. The BHTs measured in the boreholes that
had intercepted the deep-seated reservoir highlighted the thermal
anomalies, especially in the southwestern area.

The upwelling of hot fluids generates localized thermal anomalies
with a characteristic thermal feature: i) a high geothermal gradient in
the impermeable cover unit, and ii) a lower gradient in the deep-seated
geothermal reservoir. As the vertical thermal conductivity contrast did
not justify such a vertical thermal gradient difference in all places, this
variation was related to convective processes occurring in the carbonate
reservoir (Trumpy et al., 2015). Fig. 17 shows the simulated tempera-
ture profiles of Contrada Triglia (number 1), and Gazzera (number 2)
wells together with the corrected BHT data. The well locations are
reported in Figs. 15 and 17.

6. Discussion

Our review of geological data highlighted that away from their
outcrops the carbonate units irregularly deepen towards the south-west

up to a depth of about 2000 m.b.s.l. in the Mazara del Vallo area
(Figs. 4 and 12), and reaching greater depths in the central part of the
study area due to tectonics that heavily affected the area (Fig. 14). From
a geometrical point of view, these units exhibit a general lateral
continuity at depth along the whole area, suggesting the potential
regional extent of the geothermal reservoir.

An analysis of reliable altitude-water isotopes signatures (Fig. 9b),
highlights the presence of an effective regional groundwater flow
within the carbonate units, which acts as a regional reservoir.

Indeed, groundwater flow paths that extend for 30–40 km are
necessary to justify the average recharge elevation in the range of
600–750 m a.s.l. found for some thermal springs (e.g., Segestane and
Montevago), given the altitudes of such springs and the morphology of
western Sicily. By crossing morphological and geological data, we
determined that the recharge of the regional reservoir mainly occurs in
the Sicani and Montagna Grande Mts, where carbonate units widely
crop out (Fig. 12). Also, the lack of tritium and the high flow rates of
such springs are congruent with this groundwater flow system arrange-
ment.

From the regional analysis of the temperature data and spring
occurrences, similar features were recognized inside the various por-
tions of the regional carbonate reservoir. Cold temperatures and very
low gradients characterized the thermal profiles in the proximal sectors
of the geothermal system (Figs. 5, 18 and 19) where carbonate units
widely crop out (Fig. 12).

Due to the water rising towards the groundwater base level, both
cold and thermal springs occur at the boundary between carbonates and
cap-rock units. For example, one of the main hydrothermal manifesta-
tions in western Sicily is the Montevago spring (Figs. 2, 14 and Table 2),
which is located close to some cold springs at the western border of the
Mt Magaggiaro carbonate outcrop, where the total groundwater out-
flow was estimated to be about 320 L/s by Monteleone and Pipitone
(1991).

The physical and chemical features of the Montevago spring, i.e.
temperatures in the interval 31–41 °C and electrical conductivity of
1500–2560 S/cm (Alaimo et al., 1978; Alaimo et al., 1990; Catalano
et al., 1982; Dall'Aglio and Tedesco, 1968; Fancelli et al., 1991; Favara
et al., 2001; Grassa et al., 2006; Santilano et al., 2016), suggest the
occurrence of mixing processes between the shallow freshwater and hot
deep fluids. The results of the thermal model (Fig. 16) support this

Fig. 17. Simulated temperature profiles together with the corrected BHTs of the two deep boreholes (see Fig. 16 for their location). The curves represent the vertical thermal profiles
evaluated with a basal temperature of 400 °C and reservoir permeability equal to 1∙10−14 m2 (green), 5∙10−14 m2 (blue) and 1∙10−13 m2 (red). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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finding. Indeed, in the base level zone of the carbonate outcrop, the
model highlights an isotherms upraising which is linked to the arrival of
deep groundwater. At the same time, the shape of the colder isotherms
highlights the occurrence of local water infiltration within the carbo-
nate reservoir and its influence on the hot water coming up from the
depths.

In addition to the regional groundwater flow provided by the effect
of topographic relief, convection takes place in the distal part of the
reservoir (i.e. in the south-western sectors, Fig. 19), far from the
Mesozoic carbonate outcrops. In these sectors, the numerical model
reproduced the thermal anomalies, thus highlighting the role of
thermally-driven convection (Figs. 18 and 19). Fig. 18 a and b show
the computed shallow geothermal gradients and the estimated tem-
perature at the top of the carbonate unit respectively. At a regional
scale, geothermal gradients higher than 35 °C/km (i.e. higher than the
mean regional geothermal gradient) characterize many parts of the
studied area.

A wide NW-SE trending anomaly is concentrated in the south-
western sector with higher values of thermal gradient and temperature
at the top of reservoir in the Gazzera-Campobello structural highs (to
the SE of Mazara del Vallo). Looking in detail at this thermal anomaly,
the apparent NW-SE trend (Fig. 18b) could be related to the coalescence
of distinct smaller thermal anomalies, probably associated with the
structural highs (see Fig. 1) connecting this portion of Sicily with the
Sicily Channel. These thrust-related structural highs also overlap with
the areas where signs of magmatic activity were also recorded (such as
the ephemeral volcanic island Ferdinandea shown in Fig. 1). Anom-
alous geothermal gradients also occurred in the well-known Termini-
Imerese hydrothermal area located in the north eastern sector. Here,
the thermal anomaly affects the off-shore region and extends on-land
towards the Cefalù-Madonie Mts zone (Fig. 18a).

Regarding the Sciacca hydrothermal system, the regional model did
not reproduce the observed anomaly, merely reproducing the influx of
cold water from north-eastern sectors (Fig. 18), and probably mixing

Fig. 18. Maps of the geothermal gradient (a) and the estimated temperature at the top of the carbonate unit (b) with isoline steps of 10 mK/m and 20 °C, respectively.
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with the thermal fluids rising up from deeper levels. One possible
reason is that the Sciacca hydrothermal system could be related to a
sub-vertical tectonic structure which may play an important role in the
fluid path, which was not reproduced in the simplified numerical
model. However, in the south eastern adjacent sector, as the reservoir
abruptly goes down to over a 4 km depth, temperatures as high as
120–140 °C are predicted (Fig. 18). Geochemical evidence, in particular
the high 3He/4He ratio of discharging fluids reveals the deep origin of
the Sciacca hydrothermal system. Likely, the hot fluids circulate at
depths of several kilometers and move to the surface along the structure
affecting the carbonate units (Fig. 18 and Table 2). In a similar fashion
as assumed for the Mazara del Vallo area, also possibly in this case, the
N-S oriented structural highs depicted in Fig. 1 could play an active
role, channeling the rising up of these thermal fluids.

7. Conclusions

Deciphering the dimension and behavior of a regional-scale geother-
mal system is generally not easy, because of the lack of evenly
distributed data, and because it is easier to study the individual or

few fluid occurrences (springs or alimentation areas) as distinct and
isolated systems. This is especially true when working in extended areas
and structurally complex contexts as in western Sicily. Dealing with
carbonate-hosted geothermal systems further complicates the matter
due to the complexity of the fracture dominated secondary permeability
patterns. In order to unravel such a complex geothermal system, we
have demonstrated the advantages of an integrated approach combin-
ing geological, geophysical and hydro-geochemical data.

The main conclusions can be summarized as follows:

• Data collected in western-Sicily enabled us to reconstruct the
distribution and to verify the lateral continuity at depth of
Mesozoic carbonates;

• The water isotopes of cold and thermal springs enabled us to
confidently evaluate the average altitudes of recharge for the
groundwater hosted within the geothermal reservoir. It was also
possible to gain an insight into the water residence times. Both these
results, in agreement with water and gas chemistry, suggested the
presence of wide groundwater flow systems in the reservoir and a
continuity of the latter beneath the impervious caprocks;

Fig. 19. Conceptual model of groundwater flow within the carbonate reservoir in western Sicily. a) Sketch map: 1) main recharge areas of the carbonate reservoir; 2) offshore zones of
geothermal fluids discharge (after Catalano et al., 1988); 3) convective geothermal flow zones; b) cross section: 1) cover; 2) carbonate reservoir; 3) basement.
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• We identified the main recharge areas of the geothermal system on
the higher reliefs in the carbonate outcrops;

• Within the carbonate rocks, we reconstructed a homogeneous
gradient of temperature (about 10 °C/km) and a temperature
increase moving away from the carbonate outcrops (30–40 °C)
towards distal and confined parts (up to 140 °C) of these hydro-
geological complexes;

• In addition to the regional groundwater flow provided by the effect
of topographic relief, thermally-driven convection take place in the
distal part of the reservoir;

• Based on all this information, in W-Sicily an extensive regional scale
reservoir made up of carbonate complexes and hosting a middle
enthalpy geothermal resource can be reconstructed;

• The active fault zone that facilitates a significant geothermal fluid
ascent from depth, as well as the presence of a magma chamber
which may be present at some depth in the area (Caracausi et al.,
2005; Di Stefano et al., 2015), although they cannot be completely
ruled out, do not appear to be required to sustain the regional fluid
circulation model we depicted (with the exception of the Sciacca
area as discussed).

In our opinion the approach used to reconstruct geothermal fluid
circulation on a regional scale and the reconstructed circulation
modalities, could be taken as illustrative of the general behavior of
low-to-medium enthalpy geothermal systems hosted in carbonate units,
which can attain huge lateral and vertical dimensions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.earscirev.2017.04.016.
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