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This  paper  describes  a data  integration  tool  used  to identify  potentially  undiscovered  geothermal
resources  in  the  island  of  Sicily.  The  factors  facilitating  the  recovery  of  exploitable  geothermal  energy
were  defined,  and  their  spatial  correlation  established  by Geographic  Information  System  (GIS)  models.
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By  prioritizing  favourable  conditions  using  an Index  Overly  method,  “favourability”  maps  of  Sicily
were  obtained.  The  maps  considered  both  geological  and  economic  aspects,  and  energy  recovery  was
considered  for  current  technologies.  Our  approach  and  maps  are  useful  for developing  and  planning  local
or national  energy  policies  including  geothermal  energy.
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. Introduction

Italy is a geothermal country: the fifth geothermal power pro-
ucer in the world (Bertani, 2012), the first to produce geothermal
lectricity at an industrial scale, and a high exploiter of geother-
al  heat. Geothermal energy provides a significant contribution to

enewable energy sources (RES) in Italy; however its future poten-
ial still needs to be fully assessed. Along with its high potential,
eothermal energy is ideally suited to baseload operations which
ntermittent resources are unable to provide on an economic basis.

Geothermal energy is seldom considered in energy planning at
ational and regional levels in Italy and, due to relative lack of spe-
ific incentives and rather difficult and lengthy regulations. New
eothermal projects, both for demonstration and research, are very
ifficult to establish in Italy. A fundamental aspect of any energy
olicy is the certainty around assessment of the nation’s natural
nergy resources, including geothermal. Therefore, a key require-
ent for further exploiting geothermal energy by increasing the

umber of projects as well as the variety of uses is to clearly identify
nd rank resources and opportunities.

This paper provides a practical analytical framework for the

ystematic capture of information relevant to the assessment of
eothermal resources of Sicily, one of the largest islands of southern
taly.

∗ Corresponding author. Tel.: +39 050 315 2324; fax: +39 050 315 2323.
E-mail address: e.trumpy@igg.cnr.it (E. Trumpy).

ttp://dx.doi.org/10.1016/j.geothermics.2015.03.004
375-6505/© 2015 Elsevier Ltd. All rights reserved.
Geothermal assessments follow a broad search for the existing
data provided by a number of sources. In Italy, the most relevant
existing information regarding geothermal resources includes deep
temperature data from oil and gas exploration boreholes as well as
physical and chemical information from wells and natural thermal
springs.

Data analysed in this study includes geothermal data gathered
in the 1980s from an inventory of geothermal resources in Italy
(ENEL et al., 1988), which are organized in the National Geothermal
Database, and managed by the Italian National Research Coun-
cil. The database was then complemented with hydrocarbon well
the Italian Ministry of Economic Development. In spite of data
improvements, information remains unevenly distributed and only
covering a small area of Italy. In areas lacking boreholes and thermal
springs, other indirect information can be taken into account from
geological/volcanological, geochemical and geophysical surveys in
order to assess and rank the geothermal potential of areas of inter-
est. This useful, but scattered information regarding underground
conditions was retrieved from public reports, scientific papers, and
other databases established for various uses.

The approach described here and applied to Sicily is aimed at
organizing and integrating subsurface data, and at providing a
methodology to establish a hierarchy of geothermal areas based
on their potential for conventional power production, where

conventional refers to exploitation of moderate to high-enthalpy
geothermal resources with natural permeability as opposed to
enhanced geothermal systems (EGS). We  introduce here the
terminology of “favourability” maps, previously adopted by

dx.doi.org/10.1016/j.geothermics.2015.03.004
http://www.sciencedirect.com/science/journal/03756505
http://www.elsevier.com/locate/geothermics
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geothermics.2015.03.004&domain=pdf
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imilar studies (e.g., Prol-Ledesma, 2000; Coolbaugh et al., 2002;
oorollahi et al., 2007; Yousefi et al., 2010; Tufekci et al., 2010).

By upgrading and updating the last geothermal ranking for
icily carried out at a national scale in the 1980s (ENEL et al.,
988; Cataldi et al., 1995), we believe that our work is important
or the exploration of potentially concealed geothermal resources.
esides mapping known geothermal systems and contributing to
educed exploration risk, we have made the first step towards a
ore detailed and systematic resource reporting system in Italy.

 reporting method is the basis for the portfolio management of
eothermal resources and the selection of specific locations for
eothermal power production projects.

In this paper we describe our approach, discuss the information
sed and provide the results obtained in mainland Sicily. Small vol-
anic islands of Sicily and their geothermal systems are not taken
nto account in this paper.

. Data integration for mapping favourable geothermal
reas and space data model tools

Geographical Information System (GIS) software provides tools
or the spatial analysis of multiple parameters to assist selection of
rospective sites, based on pre-defined criteria which we discuss

n this paper. The approach of GIS-assisted management of infor-
ation for exploration purposes has been successfully applied in

ther fields including regional mineral exploration (Bonham-Carter
t al., 1988; Bonham-Carter et al., 1994; Bonham-Carter, 1991;
gterberg, 1989; Katz, 1991; Chung et al., 1992).

In applying GIS tools, the conceptual model plays an important
ole in the choice of layers that will be involved in making a favoura-
ility map, as well as for scoring and weighting the selected layers.
he score and weight in each layer are assigned using statistical
riteria or estimated on the basis of expert opinion, referred to as
data-driven” or “knowledge-driven” models respectively. In data
riven modelling, the layers are combined using approaches such as

ogistic regression or weight of evidence, while knowledge-driven
odels usually employ Boolean operators, Index Overlay (IO) and

uzzy Logic GIS methods (Bonham-Carter et al., 1994).
GIS is often used to define the spatial associations between dif-

erent thematic information in a specific area in order to define
uitable geothermal areas (Prol-Ledesma, 2000; Coolbaugh et al.,
002; Coolbaugh et al., 2005; Noorollahi et al., 2007; Noorollahi
t al., 2008; Yousefi et al., 2007; Tufekci et al., 2010 and references
herein).

Prol-Ledesma (2000) proposed an evaluation of the results using
hree different GIS knowledge driven models for siting geothermal
ells, for planning further detailed explorations, and for expand-

ng the boundaries of the known field being exploited. Coolbaugh
t al. (2002), Coolbaugh and Shevenell (2004) characterised the
ost suitable locations for geothermal exploration in the Basin

nd Range province (Nevada, USA), involving GIS spatial analysis
or integrating input maps and using a logistic-regression method.
oorollahi et al. (2007, 2008) dealt with GIS knowledge-driven
odels as a decision-making tool for geothermal exploration and
ell siting.

Yousefi et al. (2007) produced an assessment of promising
eothermal areas in Iran, using logic operator integration methods
o combine the input maps. EBA Engineer Consultants Ltd. (2010)
roduced geothermal favourability maps in the North West Terri-
ory of Canada for areas with and without geothermal gradient data.
otential areas in Anatolia (Turkey) have been identified by Tufekci

t al. (2010) with a data-driven approach, using both “Index Over-
ay” and “Weight of Evidence” methods, as well as training points
o obtain maps. In this study, these procedures were adapted to
ccount for the specific geological context of Sicily.
ics 56 (2015) 1–16

To produce favourability maps for conventional geothermal
systems in Sicily, we used a GIS model to combine geological, geo-
physical and geochemical evidence. Although much hydrocarbon
well data were taken into account, only a small amount of direct
geothermal information, such as geothermal wells and exploita-
tion data, are available in Sicily. We  therefore applied a knowledge
driven model using, for our knowledge-driven GIS model, the Index
Overlay (IO) method, which provides a flexible way to apply a
common scale of values, to non-uniform inputs, thus creating an
integrated analysis. When information is organized in thematic
maps (e.g., raster layers) with diverse value scales and importance,
the values can be classified and scored before being overlaid. In
addition, each information layer receives a defined weight.

The average score of the resulting map  is therefore:

S̄ =

n∑

i=1

Sij

n∑

i=1

Wi

(1)

where, S is the weighted score for each pixel, Wi is the weight for
the ith thematic map, and Sij is the score for the jth class of the ith
thematic map  (Bonham-Carter, 1994).

We  used the raster calculator to perform a favourability analy-
sis and to develop an integration model making use of the spatial
analysis capabilities of the open source software Quantum GIS and
GRASS GIS. These tools overlay raster elements using a common
spatial resolution, a common origin for the coordinates, and the
same number of cells.

3. Geological setting and thermal features of Sicily

Sicily is situated in a complex geodynamic setting of economic
interest due to the occurrence of hydrocarbon, sulphur and salt
ore deposits. Sicily is a sector of the south verging Apennine-
Maghrebian orogenic belt, stacked since Late Oligocene and located
along the African-European plate boundary. The “collisional” com-
plex of Sicily (Catalano and D’Argenio, 1982; Catalano, 2004; Roure
et al., 1990; Nigro and Renda, 1999; Bello et al., 2000; Monaco and
De Guidi, 2006; Accaino et al., 2011) (Fig. 1), is made up of: (i) the
“Foreland”, cropping out in south-eastern Sicily (Hyblean carbonate
platform) and located in the Sicily Channel, (ii) a narrow north-
west dipping “Foredeep” and (iii) the “Chain”, a complex fold and
thrust belt locally more than 20 km thick (Catalano, 2013; Catalano
et al., 2013)consisting, from internal to external, of a “European”
element (Peloritani Units), a “Tethyan” element (Sicilide Units) and
an African element (Maghrebian–Apenninic Units). Peloritani units,
part of the European crystalline basement, constitute the north-
eastern corner of Sicily (Roure et al., 1990).

According to Catalano et al. (2002) and Catalano (2004), the
central-western areas of Sicily are made up of an imbricated wedge
of Meso-Cenozoic carbonate and siliciclastic rocks resulting from
the deformation of different paleo-geographic domains. The tec-
tonic edifice is made up mainly of an 8–9 km thick wedge of
Meso-Cenozoic imbricated carbonate platforms (Panormide, Tra-
panese and Saccense Units). The intermediate structural level
consists of a 2–3 km tectonic stack of basinal carbonate thrust
sheets (Imerese and Sicanian). These are overlaid by the Oligo-
Miocene siliciclastic deposits of the Numidian Basin (Giunta,
1985) and by remnants of the Mesozoic-Tertiary basinal deposits
of Sicilide nappe. Neogene-Quaternary syn- and post-tectonic

deposits overlay the “collisional” complex.

Active tectonic processes (Monaco et al., 1996; Corti et al., 2006;
Visini et al., 2010; Doglioni et al., 2012), have given rise to sev-
eral geothermal anomalies in this Mediterranean area. The heat
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Fig. 1. Structural sketch map  of Sic

ow density map  as reported by Della Vedova et al. (2001), shows
eat flux anomalies across: (i) the southern Tyrrhenian back-arc
asin (more than 250 mW/m2) characterized by a thinned crust
ith a Moho depth locally less than 10 km (Sartori, 2003), (ii) in

he Aeolian Islands (200 mW/m2) volcanic arc (Keller, 1982) and
iii) across the Sicily Channel rift (Corti et al., 2006) with values up
o 460 mW/m2 in the Pantelleria volcanic island.

Considering an average continental heat flow ranging from
7 mW/m2 to 70 mW/m2 (Sclater et al., 1980; Pollack et al., 1993;
avies and Davies, 2010), in the Sicilian mainland the heat flow
ensity shows some anomalies (up to 90 mW/m2) located in east-
rn Sicily (south of Mt.  Etna) and in south-west Sicily, while low
alues occurred across the outcrops of Mesozoic carbonate prob-
bly due to infiltration of meteoric waters (Fig. 2) as previously
uggested by Della Vedova et al. (2001).
There are several thermal manifestations in Sicily (Favara et al.,
001; Carapezza et al., 1977; Grassa et al., 2006) many of which are

ocated in western Sicily, often near the outcrops of the Mesozoic
arbonate units (Fig. 2), with temperatures up to 56 ◦C. Fumaroles
odified from Accaino et al., 2011).

and CO2 rich emissions occur around Mt.  Etna and the Hyblean Mts.
(eastern Sicily).

4. Data sources

4.1. Geological data

The depth of potential geothermal reservoirs is one of the
geological elements to input into the computation of geothermal
favourability maps at a regional scale, with favourability decreasing
with increasing depth of the top of these geothermal reservoirs. As
reported by Montanari et al. (2013), the geophysical log informa-
tion from exploratory oil and gas wells of Sicily combined with
hydro-geochemical data suggest a hydraulic continuity among the
distinct imbricate carbonate platforms hosting medium enthalpy

geothermal fluids. Mesozoic limestone and dolostone units conse-
quently act as a relatively continuous regional geothermal reservoir
(Montanari et al., 2014) and all the geological units overlying the
reservoir act as an impervious cover.



4 E. Trumpy et al. / Geothermics 56 (2015) 1–16

Fig. 2. Sketch map  of source of data. Geochemical sampling points and deep wells are displayed as well as the heat flow density isolines (from Della Vedova et al., 2001). The
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utcrops of Mesozoic carbonate rocks, hosting the regional geothermal reservoir, ar
rofiles  in Fig. 3. (For interpretation of the references to colour in this figure legend

Existing geological and geophysical data combined with new
ata acquired in particular key areas, provided the input for a 3D
eological model used to predict the top of the regional geothermal
eservoir (Montanari et al., 2014). The depth of the potential reser-
oir top was used to build the thematic maps described in Section
.

Another geological element often associated with fluid path-
ays is the presence of active faults. This is demonstrated by

he frequent occurrence of geothermal systems within tecton-
cally active regions and associated with geologically-young or
ctive structures. In addition to regional geology data, mapped
nd interpreted geological structures and geometries at depth are
mportant pillars for assessing geothermal resources and creat-
ng favourability maps (e.g., Noorollahi et al., 2008; Yousefi et al.,
010; Tufekci et al., 2010; Shako and Mutua, 2011). Some line of
vidence also suggests that faults can also act as barriers, enhanc-
ng or preventing fluid flow according to fault zone architecture
nd related permeability structures (e.g., Sibson, 1990; Caine et al.,
996; Gudmundsson et al., 2001; Faulkner et al., 2010). Lithology,
ault scale and geometry, self-sealing processes, fluid chemistry and
egassing rates, P-T history and the stage of fault evolution may
lso be important controlling factors in the fault behaviour and the
uid circulation at depth. In our opinion, a general direct correspon-
ence between a fault trace at surface and geothermal fluid flow
nd storage may  not always be applicable, especially on a regional
cale. Faults can in fact locally act as preferential recharge path-
ays along which cold waters infiltrate to recharge the geothermal

eservoirs (e.g., Kissling and Weir, 2005). In this case, faults play a
ole for geothermal resource development but cannot be used as a
avourable indicator.
Therefore, whether fault traces can really be considered as
ood drilling targets or as favourable areas for deep hydrothermal
irculation is to be assessed case by case based on available evi-
ence. Moreover, the structural complexity of Sicily can increase
wn. Red boundaries limit the sectors (a, b, c) for which we display the temperature
eader is referred to the web version of this article.)

uncertainty around interpretation of current active kinematics,
prediction of fault geometries and application of structural evi-
dence to the development of favourability maps.

In conclusion, given the relative lack of detail and complexity
of fault information in Sicily, we decided not to consider them
as inputs for favourability maps of Sicily. We  considered seismic
hypocentral density and correlated earthquake clusters as a better
signature for characterisation of deep permeability and potential
fluid flow areas, as described in Subsection 4.4.

4.2. Temperature data

The data used to study the deep temperature distribution belong
to one of the following three categories: i) bottom-hole tempera-
tures (BHT) of hydrocarbon exploratory wells, ii) pool temperature
measurements during production and drill-stem tests (DST) and iii)
stabilized temperatures measured in geothermal wells. Since most
of the boreholes had been drilled in hydrocarbon exploration sites,
this new temperature analysis relied largely on BHT data. To outline
the thermal regime in the sedimentary cover and in the underlying
Mesozoic carbonate units, we  processed the available temperatures
down to 6 km depth from more than 300 wells (see Fig. 2 for well
location). The corrections for the thermal disturbance caused by
the drilling activity have been applied to the dataset using infor-
mation on circulation time, time since circulation ceased, depth
and multiple temperature records (Pasquale et al., 2012; Bullard,
1947). In cases where only single BHT records were taken, a cor-
rection approach based on an empirical correlation between the
slope of the Horner plot and depth (Pasquale et al., 2008) was used.
In this study, we chose to neglect corrected BHT data having errors

larger than 15%. The reliability of the corrected BHTs was variable,
but sufficient to highlight regional temperature anomalies. A com-
posite plot of corrected BHTs versus depth for the deep boreholes
in Sicily and surrounding seas is shown in Fig. 3.
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Fig. 3. Corrected Bottom-Hole Temperatures-BHT (circles) and Drill-Stem Test-DST temperatures (squares) versus depth in the whole Sicily Region (all data) and in the
different sectors (a, b, c) displayed in Fig. 2. The corrected BHTs are reported by lithothermal unit in which they were acquired (sedimentary cover units: brown; carbonate
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eservoir units: blue). The linear regression fits of the temperature data as functio
ogether with the average thermal gradients, Gcov and Gres respectively. (For interp
ersion of this article.)

To facilitate and simplify the thermal analysis, the geological
ormations were grouped in two main lithothermal units based
n similarities in lithology and thermo-hydraulic properties. The
oundary between the clastic sedimentary cover and carbonate
eservoir units (Montanari et al., 2014) plays an important role
eparating the lower thermal conductivity and impervious clayey
ormations from the higher thermal conductivity and permeable
arbonate rocks. The geothermal gradients were calculated site-by-
ite as a linear least-square fit to the multiple temperature–depth
easurements by lithothermal units. In the sedimentary cover, we

ssessed the average thermal gradient assuming a mean surface
emperature as a function of the elevation and latitude (Galgaro
t al., 2012). In the carbonate reservoir, we constrained the ther-
al  gradient by the temperature at its top. The temperature at the

op of the carbonate reservoir was estimated by downward extrap-
lation of the temperatures using the thermal gradient measured
n the overlying cover units. Extrapolation of geothermal gradients
o depths greater than the deepest temperature measurement is
n interpretation. However the deep vertical section in which we
bserved the temperature increase, allowed inferring an average
hermal gradient representative of the whole specific lithother-

al  unit at the borehole location. In the wells with thermal data

easured only in the carbonate reservoir, the measured thermal

radient was used to extrapolate upward the temperature at the
over-reservoir boundary. In the latter case, the thermal gradient in
he sedimentary cover was inferred as the temperature difference
epth for both cover (dashed line) and reservoir (continuous line) units are shown
on of the references to colour in this figure legend, the reader is referred to the web

between the ground and the top of the reservoir divided the thick-
ness of the cover unit.

A first order of magnitude of the terrain effects due to the topo-
graphic reliefs has been evaluated by the analytical solution (Jaeger,
1965) valid for a single mountain range. The amount of the effect
decreases from a sharp relief to a smooth hill. The geothermal gradi-
ent correction as function of depth and distance became lower than
10% out of a window limited in both depth and horizontal distance
by the same order of magnitude of the relief height. As the geother-
mal  gradients were computed from deep industrial temperature
data in the depth range 0.8–6.0 km, the topographic correction
resulted negligible. The selected boreholes are sufficiently deep
that the lower section of the temperature–depth profile can be used
for a suitable determination of the geothermal gradient, presum-
ably free of the topographic effects.

We do not implicitly assume a purely conductive regime. The
temperatures can be useful in the recognition of water move-
ments (Haenel et al., 1988) as the measured geothermal gradients
are the evidence of both conductive and convective heat transfer
processes acting in the cover and in the reservoir units. The data
revealed higher geothermal gradients in the sedimentary cover
units rather than in the underlying carbonate ones. Obviously,

where the thermal conductivity of rocks is unknown, the exist-
ence of fluid movements is not unequivocal, since the vertical
contrast in the measured geothermal gradients can be attributed
to the corresponding thermal conductivity distribution. To study
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ig. 4. Sketch map of geothermal gradient patterns (a) in sedimentary cover and (b
f  the regional geothermal reservoir and 120 ◦C isotherm in a sector of Sicily.

he thermal properties of the rocks, several lithotypes were sam-
led in selected outcrop sites and petrophysical properties were

nvestigated for thermal conductivity and porosity in laboratory
onditions (Di Sipio et al., 2013). For the same lithotypes, the mea-
ured values corrected for porosity and saturating fluid effects
re in accordance with the tabulated ones in literature (Pasquale
t al., 2011; Landolt-Börnstein, 1982). Porosity-depth relationships
or the main lithotypes have been obtained by the processing of
he available geophysical logs (sonic and gamma  ray logs). Taking
nto account the burial depth and temperature effects, the thermal
onductivity have been evaluated for selected and representative
ertical sections from lithostratigraphic information following the
rocedure presented in Pasquale et al. (2011). The normal distribu-
ion of the thermal conductivity values showed an average value of
.4 ± 0.5 and 3.6 ± 0.3 W/(m K) for the sedimentary cover and the
arbonate reservoir, respectively. As the vertical thermal conduc-
ivity contrast did not justify in all places such a vertical thermal
radient difference, the variation was interpreted locally as being
ue to convective processes occurring in the carbonate reservoir.
he upwelling of geothermal fluids within the fractured carbonate
ocks warms the overlying impervious cover units. The resulting

hermal gradients reflect the fluid movements, they are anoma-
ously high in the cover formations and move toward an isothermal
rofile in the reservoir units where the convective processes take
lace.
 carbonate reservoir. Black dots are deep hydrocarbon wells. (c) 3D view of the top

Without doubt, there are not enough measurements to char-
acterize regionally all variations and details in temperature and
geothermal gradient. We attempt to draw contours between the
scattered geothermal gradient measurements applying the Krig-
ing geostatistical method (Cressie, 1991). Geothermal gradient
values are a way to quantify the depth-temperature relationship
for use in evaluating geothermal resources (Pasquale et al., 2013;
McPherson and Chapman, 1996; Deming and Chapman, 1988). To
create the first subsurface temperature model for the entire Sicily a
combined geothermal gradients interpolation and downward tem-
perature extrapolation supported by geologic knowledge approach
was chosen. Thus actual temperature field derives by a combi-
nation of the annual mean surface temperatures and regionally
varying geothermal gradients measured in the deep boreholes in
relationship with the cover-reservoir discontinuity depth map from
Montanari et al. (2014). Although a contour map is an interpre-
tation, we used the interpretative geothermal gradient maps of
the sedimentary cover and reservoir units to compute the tem-
perature distribution down to a depth of 5 km on a mesh grid
of 1000 × 1000 × 100 m3 along the latitude, longitude and depth,
respectively.
The gradient maps, shown in Fig. 4, and the temperature model
were used to obtain three thematic maps combined with other
information in the favourability computation, as described in Sec-
tion 5.



othermics 56 (2015) 1–16 7

4

g
l
T
m
r
M

w
t
C
(
d
t
o
o
a
T
c
w
(
1
P

w
s
d
c
c
s
s
s
h

o
t
i
s
I
m
1
h
a

m
t
e
(
1
r
C
i
t
p
d
u
d
t
p
x
v
t
i
f

se
s 

an
d

 

w
ei

gh
ts

 

W
1 

an
d

 

W
2 

fo
r 

Th
em

at
ic

 

m
ap

 

an
d

 

La
ye

rs

 

of

 

ev
id

en
ce

 

re
sp

ec
ti

ve
ly

, u
se

d

 

in

 

th
e 

fa
vo

u
ra

bi
li

ty
 

an
al

ys
is

.

id
en

ce
W

1
Th

em
at

ic

 

m
ap

W
2

Sc
or

e

5  
(V

er
y  

h
ig

h
)

4 

(H
ig

h
)

3  

(M
ed

iu
m

)
2  

(L
ow

)
1  

(V
er

y  

lo
w

)

se
rv

oi
r 

0.
4 

D
ep

th

 

of

 

ef
fe

ct
iv

e 

re
se

rv
oi

r’
s 

to
p

 

(m
) 

– 

≤1
50

0 

15
00

–2
50

0 

25
00

–3
50

0 

35
00

–4
50

0 

>4
50

0
n

at
u

re
0.

3
Te

m
p

er
at

u
re

 

at

 

re
se

rv
oi

r’
s  

to
p

 

(◦ C
)

0.
5 

≥1
90

 

16
0–

19
0 

14
0–

16
0 

12
0–

14
0 

<1
20

D
ep

th

 

of

 

re
se

rv
oi

r’
s 

to
p

 

(m
) 

0.
5 

50
0–

15
00

 

15
00

–2
50

0 

25
00

–3
50

0 

35
00

–4
50

0 

>4
50

0 

an
d

 

≤5
00

ty
0.

15
H

yp
oc

en
tr

es

 

d
en

si
ty

(n
u

m
be

r/
km

2)
0.

5 

>1
0 

3–
10

 

1–
3 

0.
1–

1 

≤0
.1

R
g  

0.
5 

≥3
.5

 

2.
5–

3.
5 

1.
8–

2.
5 

C
ov

er

 

ab
se

n
t 

<1
.8

al ty
0.

15
H

e  

R
/R

a 

0.
5 

≥5
.0

 

4.
0–

5.
0 

3.
0–

4.
0 

1.
5–

3.
0 

<1
.5

lo
g(

p
C

O
2)

(a
tm

)
0.

5  

>0
.0

 

0.
0–

−1
.0

 

−1
.0

–−
2.

5 

−2
.5

–−
3.

5 

<−
3.

5

E. Trumpy et al. / Ge

.3. Geochemical data

In order to assess the geothermal favourability of Sicily using
eochemical parameters of natural thermal manifestations, pub-
ished geochemical and isotopic data were collected and organized.
he basis of this collection was the nationwide geothermal database
anaged and updated by the Italian National Research Council and

esearchers over the years (ENEL et al., 1988; Barbier et al., 2000;
anzella, 2013).
With the exception of the Caltanissetta basin in central Sicily,

here thick clay-rich formations do not allow deep confined fluids
o escape to the surface because of low-permeability, and where
H4-rich fluids hosted in the sediments are expelled even violently
such as occurred at S. Barbara village near Caltanissetta, in 2008,
escribed in Madonia et al., 2011), there are several well-known
hermal springs in both eastern and western Sicily (see Fig. 2). Many
f these springs emerge at the edges and at the foot of the outcrops
f the Mesozoic carbonate units, prevalently at topographically low
reas (e.g., Segesta) or near coastal areas (e.g., Termini Imerese, Alì
erme and Sciacca). Others thermal springs surround Mt.  Etna vol-
ano and the Quaternary Hyblean volcanics in south-eastern Sicily,
here there are fumaroles and CO2-rich dry-gas vents, respectively

Chiodini et al., 1996; D’Alessandro et al., 1996; D’Alessandro et al.,
997; Allard et al., 1997; Caracausi et al., 2003a,b; Grassa, 2001;
ecoraino and Giammanco, 2005; Tassi et al., 2012).

The chemical data of thermal springs and gas emergences
ere organized into a GIS database of more than 400 analyses,

ometimes heterogeneous in terms of analysed components. The
ataset of each site includes flow rate, temperature, pH, electrical
onductivity, main and trace chemical components and isotopic
ompositions. Because of redundancy, the dataset was screened to
elect the best analyses. For water samples we  only used analy-
es with an ionic unbalance of less than 5%, whereas for gases, we
elected samples where it was evident that no air contamination
ad occurred during the sampling.

Within the framework of this study we decided to focus only
n two parameters: (i) the calculated partial pressure of CO2 in
he thermal springs (and/or shallow wells) and (ii) the 3He/4He
sotopic ratio of gas discharges (as R/Ra where the ratio R in the
ample is normalized to the atmospheric Ra ratio = 1.39 × 10−6).
n fact, the 3He/4He ratio is a good indicator of the presence of

antle magmas residing in the crust (e.g., O’Nions and Oxburgh,
988) and, together with CO2, it can be a good indicator of degassing
ydrothermal/metamorphic systems, possibly located around and
bove the magma  chamber itself (e.g., Marty and Jambon, 1987).

The R/Ra ratio of the dry gas vents and/or dissolved gas in ther-
al  waters varies from 0.08 in the methane-rich emissions related

o the post-orogenic Mio-Pliocene sedimentary sequences (Parello
t al., 2001), to values greater than 7.0 in the fumaroles of Mt.  Etna
Hooker et al., 1985; Sano et al., 1989; Marty et al., 1994; Tedesco,
997). The highest value of 7.3 has been measured at Pantelle-
ia, a volcanic island in the Sicily channel (Parello et al., 2000).
onsidering the R/Ra ratio of the upper mantle gas close to 8.0

n MORB and the crustal ratios less than 0.2, the high ratio and
herefore the strong 3He-signature of gases discharged in many
laces in Sicily indicates an origin from the mantle. In order to
raw the distribution map  of the ratio, the data were interpolated
sing the Kriging method. Given the scattered distribution of the
ata in the territory, insufficient to delineate possible anisotropic
rends, we adopted an omnidirectional spherical model. This inter-
olation method enabled us to obtain a raster map  with 1000 m

 1000 m sized cells, from 24 input points. The interpolated R/Ra

alues in areas with poor data coverage are, of course, more uncer-
ain than areas with good data coverage and, therefore, should be
nterpreted with caution. Further details on how we used He ratios
or favourability maps are provided in Section 5 and Table 1. Ta
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Four main areas with relevant 3He-enrichments were identified
n mainland Sicily: (i) the Sciacca area (SW Sicily) where the R/Ra
alue is >2.6 (Caracausi et al., 2005; Capaccioni et al., 2011); (ii)
he active volcanic area of Mt.  Etna with an R/Ra value of about 7
Allard et al., 1997); (iii) the Naftia-Palagonia area in the Hyblean

ts  (Polyak et al., 1981), located 40 km south of Mt.Etna volcano
ith similar R/Ra values to the ones of Mt.  Etna; (iv) the Peloritani
ts  (NE Sicily) with values of R/Ra = 2.5 at Capo Calavà (Sano et al.,

989) and R/Ra = 2.14 at Rodì Milici (Giammanco et al., 2008).
Regarding the calculated CO2 partial pressure in thermal

prings, we processed the spring data using the Phreeqc-2 Spe-
iation Program (Parkhurst and Appelo, 1999). Data were plotted
s log(pCO2) and interpolated using the same Kriging method
escribed for the 3He/4He ratio. The maximum values, linked
lso to the presence of several CO2 gas vents, are located: (i)
n eastern Sicily along the Aeolian-Tindari-Letojanni fault system
Giammanco et al., 2008), (ii) around the Etna Volcano and the
yblean Quaternary volcanics (De Gregorio et al., 2002) and (iii)
t Sciacca (Capaccioni et al., 2011). Conversely, the minimum val-
es are centred in the Caltanissetta basin, the Hybean Plateau and
he thermal springs in the N–NW sector of Sicily.

We found that some areas (in addition to the active volcanic
sland of Vulcano and Pantelleria), i.e.: Sciacca, Naftia-Palagonia,

t.  Etna area, Mt.  Peloritani area have the maximum anomalous
alues of both the selected parameters. This suggests that both
lements have a common pathway, typically where the hydro-
hermal alteration of relatively shallow limestone producing CO2 is
riggered by underneath mantle magmas intruded and residing in
he crust (Barnes et al., 1978). Similar occurrences have already
een reported in many other volcanic and geothermal areas of
entral-southern Italy (Minissale, 2004; Giammanco et al., 1998
nd references therein). The existence of deep hydrothermal sys-
em is supported, in these areas, not only by the presence of high
He/4He ratio and high pCO2 values, but also by the ı13C value of
O2 values which clearly indicate a hydrothermal relatively deep
ontribution for the CO2 in many site of the island (Grassa et al.,
006; Giammanco et al., 1998).

.4. Seismological data

Permeability constitutes a critical reservoir parameter as it plays
 fundamental role in heat and mass transfer and it can ulti-
ately determine the economic viability of a geothermal prospect.

stimating rock permeability is difficult, as naturally-fractured
arbonates (the main reservoir in Sicily) exhibit substantial and
npredictable spatial variations. Due to the scale of investiga-
ion, a first-order assessment of this property has to be evaluated
rom regional information, identifying permeable zones acting
s preferential pathways for hydrothermal circulation. Given the
lose relationship between active fault-fracture systems, perme-
bility and fluid circulation, pointed out by several authors (e.g.,
ibson, 1996; Curewitz and Karson, 1997; Norton and Knapp, 1997),
nd the potential uncertainty in the interpretation of geological-
tructural models of Sicily, we focused our structural interpretation
n seismological data as a possible indicator of open fracture sys-
ems and high permeability. The advantage of seismicity is the
ell proven connection with active faults and fracture networks

e.g., Sibson, 1996) Sicily is characterized by active and complex
ectonics, and it is one of the most seismically active areas of the

editerranean with large historical tectonic earthquakes (Boschi
t al., 1997) as well as seismic swarms.
For example, Mt.  Etna undergoes frequent seismic swarms
inked to the opening of eruptive fracture systems (e.g., see Patanè
t al., 2003, referring to the 2001 eruption). Giammanco et al. (2008)
ointed out the local interaction between high pressure fluids and
ics 56 (2015) 1–16

normal faults in triggering the highly-clustered swarm earthquakes
located at a shallow depth (7–12 km)  in an area of the western
Peloritani Mts  (north-eastern Sicily).

Considering secondary fracture-related permeability as a pre-
dominant factor within the regional geothermal reservoir and the
above-mentioned relationship between seismic activity and fluid
circulation, we  used the earthquake epicentre density as an indica-
tor of possible fluid flows. The epicentre data were extracted from
the “CSI 1.1, Italian Seismicity Catalogue” (Castello et al., 2006) and
the “ISIDe Database, Italian Seismic Instrumental and parametric
Data-basE” (ISIDe Working Group INGV, 2010), both developed and
managed by the Italian National Institute of Geophysics and Vol-
canology (INGV), which provide the parameters of all earthquakes
registered in Italy from 1981 to 2002, and from 2005 to January
2013, respectively.

To compute the epicentre density, the database was  filtered by
considering only the seismic events that have occurred in mainland
Sicily up to a depth of 10 km below ground level (b.g.l.). The result-
ing dataset consists of 5723 records with a magnitude ranging from
0.5 to 4.7, and was  used to compute the epicentre density map.

5. Layers of evidence

Having decided to use the Index Overlay (IO) method (Bonham-
Carter et al., 1994) to produce the favourability map  for
conventional geothermal systems, we combined different maps
using a system of weighting and scoring. On the basis of the data
sources described in Section 4, seven thematic maps were created,
classified, scored and weighted. The classifications for each map
consisted of identifying five ranges of values (classes). The classes
were scored from 1-to-5, “Very low” (least favourable area) to “Very
high” (most promising area) respectively. In order to combine the
maps, each was  weighted with a value ranging from 0 to 1 (Table 1).

The workflow for the favourability map  was  organized into two
stages, as shown in Fig. 5. In the first stage, seven thematic maps
were used to produce four layers of evidence. These layers of evi-
dence are related to favourable factors and refer to: (i) the effective
reservoir, (ii) the thermal signature, (iii) the permeability indication
and (iv) the geochemical favourability.

The “effective reservoir” layer was  derived from the GIS layer
intersection between the depth of the reservoir top and the 120 ◦C
isotherm depth. The other three layers of evidence were gathered
using three different IO computations.

The four layers of evidence were combined in the second stage
by further IO computation, to produce the final map.

Before discussing the final favourability map, in the following
subsections we will describe the meaning of each layer of evidence
and how it was  obtained.

5.1. Effective reservoir

Considering the regional carbonate reservoir and the tempera-
ture distribution pattern described in Subsection 4.2, we neglected
the volume of the potential reservoir that are colder than 120 ◦C.
This minimum temperature was chosen on the basis of knowledge
driven technical and economic factors.

We performed a layer intersection analysis of two thematic
maps (Top reservoir depth and 120 ◦C isobath) to compute the
effective reservoir layer of evidence (Fig. 6).

A depth-based scoring of this layer was performed by consid-
ering the drilling costs as a function of well length. The depth to

be drilled to encounter the effective reservoir was  classified (see
Table 1) by considering an exponential function describing the
average-completed well costs as a function of depth (IFC, 2013;
Augustine et al., 2006; Huenges, 2010). Regarding the maximum
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rilling depth, a depth higher than 4000–4500 m is considered
ritical in terms of cost for commercial purposes, and worldwide
ost geothermal wells exploit resources shallower than 3500 m.
owever, deep geothermal wells have been drilled at depths ran-
ing from 4300 to 5400 m,  in the geothermal fields of Larderello
Italy), Habanero (Cooper Basin, Australia), Fenton Hill (USA), Basel
Switzerland), and Soultz (France). The resulting reclassified map
s shown in Fig. 7.

.2. Thermal signature

The thermal structure of the reservoir is an important factor for
lassifying the geothermal favourability. We  used an IO model to
uild the thermal signature by combining the temperature at the
op of the potential reservoir and the depth of this top. The classifi-
ation and scoring used for the reservoir’s depth is the same as used
or the effective reservoir (Table 1), but we also took into account

he unfavourable effect of seeping meteoric water recharge where
arbonates crop out or have a thin sedimentary cover (<500 m).

To classify the temperature at the top of the reservoir, we consid-
red temperatures lower than 120 ◦C as the least favourable class,

Fig. 6. Cross-section explaining the
mal favourability analysis.

as explained in Subsection 5.1. The 140 ◦C and 160 ◦C temperature
limits chosen are somewhat arbitrary and may  be moved either
way by about 10 ◦C. The upper limit of 190 ◦C depends on technical
and financial aspects regarding mainly the possibility of exploi-
ting “Flash” technology and self-flowing wells (Sanyal, 2005). Fig. 8
shows the thermal signature map.

5.3. Permeability indication

The permeability indication layer of evidence is the result of an
IO computation between two  thematic maps: (i) the earthquakes
density analysis and (ii) the geothermal gradient ratio analysis.

A density analysis of earthquake epicentres was performed
in GIS to create a density thematic map  using a “Kernel Density
Estimation” tool. Following the conservative criterion shown by
Noorollahi et al. (2007), with regard to the distance between
geothermal wells and active faults, we calculated the density map

by setting a search radius (Kernel bandwidth) of 2000 m centred
on each single epicentre. A “Uniform Kernel Shape” function
was chosen, which controls the rate at which the influence of
a point decreases with the distance. The result is a raster map

 concept of effective reservoir.
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Fig. 7. Reclassified map  of the

haracterized by a continuous distribution of density values.
onsidering that higher density values could be related to higher
ermeability, the density map  was reclassified (Table 1), from the

rst least favourable class, corresponding to areas without seismic
vents up to 0.1 values, to the fifth most favourable class with
alues up to 17.4.

Fig. 8. Reclassified map  of the therm
ive reservoir layer of evidence.

The observed low thermal gradient in the deep carbonate reser-
voir and high values in the overlying impermeable formations could
be used as a permeability indicator (Pasquale et al., 2013; Saar,

2011). In a steady-state conductive layered model without an inter-
nal heat source, since the heat flowing through the boundaries is
constant, for a given heat-flow density the geothermal gradients

al signature layer of evidence.
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Fig. 9. Reclassified map  of the pe

re inversely proportional to the thermal conductivities. For a two-
ayer model, we have:

g = k2

k1
= G1

G2
(2)

here, k is the thermal conductivity, G the geothermal gradient,
nd subscripts 1 and 2 correspond to the sedimentary cover and
eservoir units, respectively. In selected wells, the thermal con-
uctivity profiles are evaluated by inverting the geophysical logs
nd stratigraphic information. The normal distribution of the ther-
al  conductivity displays an average value of 2.4 ± 0.5 W/(m K)

nd 3.6 ± 0.3 W/(m K) for the sedimentary cover and the carbonate
eservoir, respectively. A computed value of 1.5 ± 0.3, given by the
atio between the average reservoir and sedimentary cover ther-
al  conductivities, is taken as a reference value to distinguish pure

onductive from mixed conductive/convective thermal regimes.
lmost all temperature–depth profiles are convex upward, i.e. the

emperature gradient is higher in the cover than in the reservoir.
he geothermal gradient maps are used to compute the parame-
er Rg. The Rg values, ranging from 1.2 to 1.8, can be explained by
he thermal conductivity differences between the clay-rich terrige-
ous rocks and the overlying Mesozoic carbonates. Higher ratios
an be interpreted as due to ascending/descending water move-
ents occurring in the permeable reservoir. Ratios lower than 1.2

elate to ineffective cap-rock and descending water in a sedimen-
ary cover region. Fig. 9 shows the permeability indication map  for
icily.

.4. Geochemical favourability

The geochemical thematic maps of the 3He/4He ratios (as

/Ra) and the pCO2 described in 4.3 were quantitatively classified
nd combined using the IO method to compute the geochemical
avourability layer of evidence (Table 1) (Fig. 10). The reasons for
he reported limits for the R/Ra are as follows. The ratio of long
ility indication layer of evidence.

circulating fluids in the crust tends to zero, as the 4He is continu-
ously formed by radioactive decays, whereas the 3He flux from the
mantle reflects the primordial helium.

Ratios less than 0.05 are typically crustal, whereas ratios of
more than 0.2 suggest an increase in primordial 3He from the
mantle (O’Nions and Oxburgh, 1988). As the R/Ra ratios in typical
Neapolitan volcanic areas (Ischia, Phlegrean Fields and Vesuvius)
are a little more than 2.0 because of the presence of high crustal
contamination (Tedesco et al., 1990), we chose this value as a
possibly good minimum ratio to limit the best class in Sicily as
well. The two classes bounded between the ratios of 0.2 to 2.0, are
somewhat arbitrary and may  not reflect really large differences in
geochemical terms.

Regarding the calculated pCO2, in many thermal waters of cen-
tral Italy, it is quite common to have positive (>0) logarithmic
values (meaning pCO2 > 1 atm and therefore free CO2 bubbling in
the atmosphere), and this can be considered the best indication of
waters saturated with free CO2, especially near volcanic areas. The
lower limit (<−3.5) represents a cold, shallow water equilibrated
with atmospheric CO2. Deep circulating water where the only dis-
solved gas phase is air (dissolved in rainfalls), and the only CO2
entering into the hydrological system is produced by bacteria in
the soil are characterized by pCO2 values of solutions near -3.5.
As for helium, the intermediate limits can be considered as some-
what arbitrary, if we consider that the degassing of fluids from the
earth, especially in volcanic areas, is often connected to single faults
and/or fault systems.

6. Results: the favourability map

Following the data integration described in Section 5, we
obtained the geothermal favourability map  shown in Fig. 11.
The map  shows the areas of Sicily where geological conditions
are likely to host hydrothermal systems at depth, and are thus
suitable for a more detailed exploration. The map also shows a
correlation with the heat flow distribution in Fig. 2.
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Fig. 10. Reclassified map  of geochemical favourability layer of e

Low favourability values are located mainly where the regional
eservoir geological units crop out (i.e. the likely recharge areas),
nd in the Caltanissetta basin where the reservoir is very deep and

here is a low geothermal gradient in the sedimentary cover.

The map  highlights medium and highly favourable areas in east-
rn Sicily, from Mt.  Etna towards the town of Gela, and in the
esternmost area of Sicily. Some other promising areas occur in

Fig. 11. Favourability map for geothermal “conv
e (Very low class is present in only 2 pixel near Caltanissetta).

the centre of Sicily near the village of Geraci Siculo and on the
south-west coast, close to thermal springs in Sciacca.
7. Discussion on the accuracy of favourability map

The reliability of the favourability map  relates mainly to the
accuracy of data and the number of measuring sites. Favourability

entional” hydrothermal systems in Sicily.
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Table  2
Reliability assigned to each source of data for the computation of the accuracy map.

Class of data Source of data Spatial operation Reliability (from 0 to 1) Weight

Geological data Reservoir outcrops Areas of reservoir outcrop
3  km buffer ray

1
0.75

0.3

Geological data Deep wells 3 km buffer ray 1
Geological data Shallow wells 3 km buffer ray 0.5
Geological data Seismic and geologic cross-sections 3 km buffer ray 0.65
Geological data Interpreted gravimetric data Area coverd by grav data 0.4
Seismological data Hypocentres 2 km buffer ray 1 0.15

2,5 km
Interp
distan

c
e
h
a
d
b
(

b
w
t

l
f
a

e
(
s

b
w

Geochemical data Geochemical sampling point
Thermal data Wells logs

omputed in sectors well constrained by the simultaneous exist-
nce of geological, thermal, seismological and geochemical data
as a greater degree of reliability than sectors where thematic maps
re obtained through extrapolation techniques, as no experimental
ata are available. We  thus applied simple spatial operators (e.g.,
uffer, merge, union) to obtain the accuracy of: (i) geological data,
ii) geochemical data, (iii) seismological data, and (iv) thermal data.

The final accuracy map  was computed with an IO technique,
y combining the accuracy of the four classes of data listed above,
hich was then overlaid onto the favourability map  to highlight

he best constrained areas.
All the data were buffered and then scored, from 0 to 1, fol-

owing knowledge-driven criterion as with the computation of the
avourability map. The final IO analysis was carried out taking into
ccount, for each class, the weight shown in Table 2.

For the geological reliability layer, after buffering and scoring
ach source data the following were merged: (i) reservoir outcrops,
ii) deep wells, (iii) shallow wells, (iv) seismic and geological cross
ections and (v) gravimetric data.
For geochemical sampling points and hypocentres, a simple
uffer for each one was computed, and the maximum score of 1
as assigned to the buffer areas produced.

Fig. 12. Accuracy of favourability map. Areas well constr
 buffer ray 1 0.15
olation: Inverse
ce method

average of 3 factors 0.4

For thermal data, the evaluation criteria were based on three
basic parameters: (i) number of BHT measurements, (ii) length
of interval along which the thermal gradient is derived and (iii)
maximum BHT depth. Finally, the scores of the above three
parameters were averaged to obtain the final score for each well
site. We  set a score of 1 for a minimum number of 3 BHTs,
0.75 for 2 BHTs, and 0.5 when only one BHT is available. Since
the representativeness of the computed thermal gradient in the
selected geological layer increases with the length of the interval
along which it is derived, we  set a score of 1 when the inter-
val length is equal or greater than 1 km,  otherwise we infer a
score equal to the interval length in km.  Because of the uncer-
tainty with downward temperature extrapolation increases with
the distance from the last measuring point, we  set a score given
by the ratio between the depth of the deepest BHT reading and
a fixed depth of 4500 m.  When the depth of the deepest BHT is
greater than 4500 m,  we fix a score of 1. An interpolation, using an
Inverse Distance method, on the assigned variable score allowed
us to obtain the spatial distribution of the reliability for thermal

data.

The accuracy of the favourability map  shows only areas with an
accuracy higher than 0.5 (Fig. 12).

ained by direct or indirect data are shown in grey.
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. Conclusions

The last official geothermal assessments have performed a qual-
tative ranking of Italian territories up to a 3 km depth (ENEL et al.,
988; Cataldi et al., 1995). They were based on hydrological char-
cteristics and temperatures within the regional aquifer.

In this paper we have proposed an approach for a fully inte-
rated analysis in order to classify the hydrothermal resources
osted by regional reservoirs and suitable for power production and
pplied it to Sicily. In addition to using geological and thermal data,
e introduced: (i) the unconventional new parameter “effective

eservoir” (based on temperature constrain), (ii) the permeability
ndication and (iii) geochemical favourability.

The approach here described integrates direct and indirect infor-
ation and exploits modern geostatistical and GIS techniques. The

esult is the geothermal favourability map  of Sicily where locations
re ranked in five classes from “very low” to “very high”.

The novelty, here, is: (i) the adaptation of a methodology to the
pecific conditions of the study area, (ii) the definition of innovative
arameters for geothermal assessments, (iii) the choice of inputs
nd (iv) our weighting and ranking criteria.

Our tool is highly flexible: with a simple reclassification it can
how future scenarios taking into account new technologies and
ossibly lower costs.

Our data integration tool is not based on a broadly distributed
ataset. Information was extrapolated in areas where informa-
ion is lacking, and the results did not have the same consistency
hroughout the region. The solution to this problem would be
o drill evenly-distributed new exploration wells and to acquire
venly-distributed indirect information. This would be prohibitive
ue to the high costs of drilling and exploration compared to the
eturn on the investment revenues. By combining the accuracy and
avourability we showed the most constrained areas (Fig. 12).

The favourability map  for geothermal conventional system,
btained for the Sicily mainland (Fig. 11), highlights areas where
nvestment in knowledge has the highest probability of being pro-
uctive.
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