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ABSTRACT

In 1904 the first electricity production from geothermal resources took place in Larderello (Italy) inaugurating the geothermal
exploration activity worldwide. After over one century, the peri-Tyrrhenian regions of Tuscany and Latium (Central Italy) has still
a relevant unexploited geothermal potential. According to the Italian Ministry of Economic Development, 23 exploration
applications in Italy out of 38 are within Latium (data referred at the end of 2013).

The Italian National Research Council (CNR), recognizing the value of geothermal energy, has promoted the "Geothermal Atlas
Project" in central and southern Italy. The purpose of the project is to update and to organize all the relevant data (i.e., geological,
geophysical, geochemical, hydrogeological) in order to evaluate the favourability of the central-southern regions of Italy for the
exploration of conventional and unconventional geothermal resources for electricity generation. Through this project, CNR aims to
encourage the development of the geothermal resources and to facilitate investment in this energy sector.

This work, part of the Geothermal Atlas project, focuses on the northern Latium, which is an area characterized, together with
Tuscany, by the highest values of heat-flow in Italy and hence notably interesting for geothermal exploration. The work shows the
first results of a review of geological, geophysical and hydrogeological data collected to define the geological structure of the
northern Latium and to build up an updated 3D subsurface geological model. The revised structural setting and the 3D geological
model of the area will be used in the further stages of the Atlas project to develop the favorability geothermal maps of the study
area.

1. INTRODUCTION

The northern sector of Latium Region (Figure 1) shows a high heat-flow and high temperature at very shallow depth (Figure 2; e.g.
Billi, 1986; Marini et al., 1993; Buonasorte et al., 1995; Cataldi et al., 1995). The geothermal exploration of this area started at the
end of the ‘50s. Between the ‘70s and the ‘80s these exploration activities led to the discovery of the Latera, Torre Alfina and
Cesano geothermal fields. During the following years the geothermal exploration showed negative results with the discovery of
only small productive structures, such as the Marta field located in the South of the Bolsena lake.

With the diffusion of new exploitation techniques (e.g., binary plants), the northern Latium represents at the present time an area of
great interest with a relevant unexploited geothermal potential, also in terms of unconventional resources. According to the Italian
Ministry of Economic Development, an increase in submitted exploration applications and in awarded exploration permits has been
observed in the last years in Italy. It is worth noting that 23 exploration applications out of 38 interest the Latium region (data
referred at the end of 2013). To promote this interesting resource, to support public authorities, and to encourage private
investments, the Italian National Research Council (CNR) has planned the "Geothermal Atlas Project". The project intends to
update and organize all the relevant data (geological, geophysical, geochemical, hydrogeological etc.) aiming to place at public
disposal a revised dataset and, where possible, an updated model of the potential geothermal systems for conventional and
unconventional geothermal resources for electricity generation in the central-southern regions of Italy.

The present work shows the first results of an integrated review of the available data, in particular geological and geophysical,
which have been collected and analyzed to develop an updated structural model of the northern sector of Latium Region. The 3D
geological model and the revised structural setting will represent the base for following assessment of geothermal potential and will
also contribute to comprehend the relationships between geothermal fluid circulation and faults.

2. GEOLOGICAL SETTING
The northern sector of the Latium Region is characterized by different stratigraphic units recognized both in outcrop and in

borehole (Figure 1; e.g., Accordi et al., 1988; Barberi et al., 1994; Buonasorte et al., 1995; Batini et al., 2003; Acocella &
Funiciello, 2006, Cosentino et al., 2010).
The main units, from the shallower to the deeper ones, are the following:

« alluvial deposits, travertine and slope debris (Pleistocene-Holocene);

* volcanic products deriving from two magmatic cycles: the acidic units and the K-alkaline units, respectively of the magmatic
Tuscan and Roman province (Pliocene-Pleistocene);

* post-orogenic marine and continental deposits, mainly formed by clay, sand, and gravel (Upper Miocene-Quaternary);
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« clay, sandstone, and marly carbonates belonging to the Ligurian and Sicilian internal nappes derived from the Ligurian-Piedmont
branch of the Neotethyan Ocean (Cretaceous-Oligocene);

* mainly carbonate formations, made up by anhydrites-dolomites followed by shallow water and pelagic limestones, associated to
the Tuscan and Umbria-Marche units, developed along the Meso-Cenozoic western passive margins of the Adriatic plate (upper
Triassic-Eocene);

» metamorphic basement, documented in southern Tuscany, made up by: i) Meta-pelite, meta-sandstone and meta-conglomerate of
the Verrucano Formation (Triassic); ii) Phyllite and meta-sandstone with dolomitic level (Carboniferous-Permian); iii) Mica schist
and gneiss group.

The complex structural setting of the area represents a heritage of the tectonic events which characterized the area from the early
Miocene time. Two principal tectonic phases affected the Latium Region: contractional deformation during the Alpine orogeny, and
a subsequent extensional phase due to the Tyrrhenian back-arc extension.

Between early to middle Miocene time, the study area was involved in the eastward migration of the Apennine thrust belt (e.g.,
Brogi, 2008; Cosentino et al. 2010). The result of this compression was the tectonic superposition of Ligurian unit on Tuscan unit,
the latter subsequently overthrusted above the adjacent Umbria-Marche domain. The result of the compressive phase was the
formation of NNE-SSW oriented trend characterized by fold-and-thrust-belts with associated piggy-back basins (Buonasorte et al.,
1987 and 1995). The metamorphic basement was involved in the thrust belt and at the present time it outcrops in the western side of
the Monti Vulsini.

From the middle Miocene, the northern Latium area has likely experienced the same extensional phase documented in southern
Tuscany (e.g., Brogi et al., 2008 and references therein). As a result of this extension, low-angle normal faults developed in the area
with tectonic elision of portion of the Tuscan stratigraphic sequences and formation of several basins.

Finally, since Pliocene time, high-angle NW-SE and NE-SW normal and transtensional faults developed in the area and controlled
the geometry of the main Pliocene and Pleistocene basin. These fault systems played a crucial role for the setup of Plio-Quaternary
volcanism (e.g., Acocella & Funiciello, 2006; Barberi et al., 1994).
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Figure 1: a) Geological map of the northern Latium (Italy) showing the main geological units. b) Schematic stratigraphy
and relationship of the paleogeographic domain extrapolated through well data. Permeability attitude is shown
(after Gragnanini et al., 2014). c) Geological profile of the northern sector of the Latium Region (section track in Fig.
1a; mod. after Buonasorte et al., 1987).
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Figure 2: Heat flow characterizing the Latium Region (left) and extrapolated temperature in °C of the top of the potential
reservoir of the Latium Region (right; e.g., ENEL, 1988).

3. GEOTHERMAL RESERVOIR AND SEAL

The principal reservoir of the study area is represented by Meso-Cenozoic carbonates and evaporites of the Tuscan and Umbria-
Marche units (Figure 1). These sediments, normally characterized by a low primary porosity, are considered a potential reservoir
and a regional geothermal aquifer as they are affected by intense fracturing which enhance the secondary porosity (Figure 1).

The seal is generally represented by the superimposed allochthon Ligurian unit, which is characterized mainly by clay and marls.
Furthermore, the post-orogenic sediments, lying beneath the volcanic deposits, are constituted by clays, sandstones and
conglomerates and they are characterized by low permeability too (Figure 1).
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Figure 3: Torre Alfina geothermal field. a) Isobaths of the potential reservoir. b) Geological profile crossing the Torre
Alfina geothermal field (mod. after Buonasorte et al., 1995). c¢) Simplified stratigraphy of Alfina 2 well.
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4. MAIN GEOTHERMAL FIELD IN NORTHERN LATIUM
The main discovered geothermal fields in the northern Latium are the following:

* Torre Alfina (Figure 3)

The geothermal reservoir of Torre Alfina field is formed by fractured carbonate rocks of the Tuscan unit with good permeability.
The reservoir is located on a structural high at depth from 550 to 2000 m. The geothermal fluid is made of water at 130-140 °C with
a salinity of 6 g/l and piezometric level at a depth of 200 m. A gas cap, mainly formed by CO, and H,S in traces, characterizes the
reservoir top. The pressure of the gas cap is 50 bar. The estimate production is of 1,000 t/h (Marini et al., 1993).

* Latera (Figure 4)

The geothermal reservoir of Latera field is represented by fractured carbonate rocks of the Tuscan unit (Barberi et al., 1984). The
reservoir is located on a NNE-SSW oriented structural high where the Tuscan and Ligurian units have been deformed forming an
overturned fold. The geothermal fluid is made of water at 190-230 °C with a salinity of 8-12 g/l. A gas cap, mainly formed by CO,
and H,S in traces, characterizes the reservoir top. The permeability is good at the top of reservoir and decrease towards NE and W
where dry wells were drilled.

* Cesano (Figure 5)

The geothermal reservoir of Cesano field is formed by the fractured pelagic and shallow water carbonate rocks of the Umbria-
Marche unit. The geothermal fluid is made of brine with a salinity up to 350 g/l rich in sodium and potassium chlorides and sulfates
over-pressurized. The temperature ranges between 145 to 300 °C.
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Figure 4: Latera geothermal field. a) Isobaths of the potential reservoir. b) Geological profile crossing the Latera
geothermal field (mod. after Barberi et al., 1984). ¢) Simplified stratigraphy of Latera 3 well.

5. METHODS

In order to build up a structural model of the northern sector of Latium Region several data sets have been collected and analyzed.
Numerous boreholes have been drilled in the past years in the study area mainly for geothermal purposes. As they offer excellent
subsurface information, we have used well-data as primary input for the geological model. The well-data collected derive from
different databases, hence we have firstly homogenize all the information in order to build up an unique and uniform database. We
have carefully analyzed the deviation survey and the stratigraphic data defining the following units: recent deposits, volcanic
sediments, post-orogenic deposits, Ligurian units, Meso-Cenozoic carbonate succession of the Tuscan and Umbria-Marche units,

4
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metamorphic basement. Of the 92 available wells in the study area, only 78 have complete and certain information. The well-data
have been imported and checked in the software Petrel of the Schlumberger (Figure 6).

CESANO geothermal field

CESANO 4 Well
Elev| MD .
] G . Discovery year: 1974
oee] ' o + % .,
\ézlé?er;:fa?ernosits e e Reservoir: fractured pelagic and
& 5, 1
i i3 o Y  FozzETIOan—— PO 1 ® oo shallow water carbonates of the
(ooTaas ol oot z e [ o Umbria-Marche Mesozoic unit
Miocene-Pliocene _;OHE,@,;"‘Z;E"“’ 1 oo T
oo MO Fluid: brine with salinity up to 350 g/I
(Tﬂgi :}g;cﬂnit) y -2 (chlorides, sodium and
0t SAND gCESANO 3 H
Focene - Cretaceous < rozero ooy | pOtassium sufphates)
o gzl
P . ;
> s 1 Temperature:
1251350 K3 145 °C (C5 well @ 1800 m)
T 300 °C (C4 well @ 3080 m)
Pelagic carbonates L Pressure: 150 bar
Eocene - Middle Jurassic @
-192512150 Bracciano Lake
Shallow water carbonates
Lower Jurassic
Thermo-metamorphic halo
29033128
C

Figure 5: Cesano geothermal field. a) Isobaths of the potential reservoir. b) Geological profile crossing the Cesano
geothermal field (mod. after Capelli & Mazza, 2005). ¢) Simplified stratigraphy of Cesano 4 well.

Since well-data are not homogenously distributed in the study area, other data sets have been used to define the geological model of
the northern Latium. Geological and structural maps, geological profiles, isobaths and isopachous maps of the most important
geological units, geophysical data, such as gravity data and aereomagnetic maps, and hydrogeological data have been
georeferenced, and analyzed.

All the data collected, both direct and undirected, have been compared and integrated in order to build up a 3D geological model of
the area.

6. DISCUSSION AND CONCLUSION

The exploration efforts carried out in the northern Latium ended up with the discovery of some water dominated geothermal areas.
According to the economic evaluation based on the available technologies in mid ‘90s, the production of electric power was
considered viable only for the Latera geothermal field. A power plant was constructed and it was in operation between 1999 and
2002 when it has been closed due to environmental concerns.

The main limitations to the geothermal resource exploitation were due to the limited size, structural complexity and highly variable
permeability of the potential reservoir (e.g., Buonasorte et al., 1995). Other negative factor was related to the scaling, highly
reactive nature of the geothermal fluids which were also associated with polluting gases.

However, as demonstrated by following studies, interpretation of new structural data, also derived from the analysis of deformation
affecting the outcropping volcanic deposits, new geochemical and hydrogeological information, modern explorative techniques
may allow to improve the definition of the structural setting at depth and the distribution of secondary permeability within the
geothermal reservoir (e.g., Annunziatellis et al., 2008; Cinti et al., 2011; Vignaroli et al, 2013; Giordano et al., 2014). Moreover, the
application of the most recent technologies may be useful to solve, or at least to mitigate, some of the negative issues related to the
scaling properties of the fluids and to the presence of polluting gases. For these reasons, we reviewed the structural setting of the
main potential geothermal reservoir, represented by fractured and faulted Meso-Cenozoic carbonate rocks lying at depth in the
northern Latium, and of the overlaying units.
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Figure 6: 3D rendering of the northern Latium digital elevation model (resolution = 90 m) with the location of the analyzed
wells (above) and stratigraphic well tops of the main sedimentary units (below).

This work shows the first results of an integrated reinterpretation of geological data to create a new 3D geological model of the
study area. The model has been organized by considering the different thermal conductivity properties of the sedimentary
sequences in order to define the principal lithothermal units. Updated 3D surfaces have been generated for the potential reservoir,
made up of the calcareous deposits of the Tuscan and Umbria-Marche units, for the base of the Neogene and for the base of the
volcanic deposits (Figure 7). In particular the surface of the potential reservoir interpolates carbonate deposits of different
sedimentary units (various Formations of the Tuscan and Umbria-Marche units) and of different ages. Hence, this surface
corresponds to the first Meso-Cenozoic carbonate sediments observed, through well-data, or supposed, through indirect data and
geological interpretation, beneath the surface. Therefore, the surface of the potential reservoir does not represent a
cronostratigraphic surface.
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The new 3D geological model provides the base for the definition of the structural setting which will be used in the further stages of
the Atlas project workflow to support the assessment of conventional and unconventional geothermal resources in the Latium
Region and to develop geothermal favorability maps for the study area.
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