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ABSTRACT

Geothermal exploration activities of GESTO lItalia in the past two years resulted irsaatdodir geothermal research permits in
south Tuscany, ltaly. The four areas cover a total area of 289Mtazzolla (52.5 krf) is located in the vicinity of Larderello
geothermal field whilghe remaining three areas aretlire neighborhood of Monte Amata geothermal field, Cinigiano (141.20
km?), Montalcino (65.74 ki) and Montenero (30.19 Kn

MT and gravity data have been jointly used in order to provide a geophysical characterization of the geothermal areas under
exploration. The acquisition and pessing of MT data have been mainly focused on the noise characterization and on the
effectiveness of the robust prosewy algorithms adopted. A full threémensional resistivity distribution has been defined by

using a three dimensional inversion of Mata that provided relevant information about the structural lineaments of the geothermal
reservoir. The MT survey highlighted also the limitations of such method in the studied areas that are affected by Ebty high
anthropic noise.

For two of the studig areas (Cinigiano and Montalcind)e results of the resistivity modelling have been used to update a geologic
model that was assessed through the full tdieeensional radelling of gravimetric data

1. INTRODUCTION

In Italy, since 2009 Gesto has fowrnzessions for development of geothermal projects varying from 5 to 20 MW. Gesto was the
first company to apply for geothermal concessions in the Tuscan region (Italy) following new legislation promulgatedaiy Febru
2010 that opened the Italian Geothermarket tothe private sector.

The four concession§Figure 1)cover a total area of 289 Knand were granted to Gesto in 2011 and 2012 by the regional
government and the Italian Central Government. The four concessions, Cinigiano (14%,2@dmtalcino(65.74 kn), Mazzolla
(52.50 knf) and Montenero (30.19 Kinare close to two proven, higitade geothermal systems, the Larder@Havale and Monte
Amiata geothermal field@Baldi et al. 1995)These fields have been developed since 1913 (the firstegeathproject in the world
was built on the Larderello field) and today have a combined total of 772 MW of installed geothermal capacity.

All of the concessions held by Gesto are in an advanced stage of exploration. Surface exploration is either camipleténal
stage of completion. Proximity to the developed LardefEtbvale and Monte Amiata geothermal fields has allowed Gesto to
estimate the resource potential of the concessions based on the known characteristics of the existing operatin tfields
abundance of data regarding the geology/subsurface conditions in the area.
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The detailed resource evaluation undertaken by Gesto to identify and evaluate the potential reservoirs includes:

A Detailed structural geological studies and analysis of the extensive literature on geology and geothermal exploration
that exists for the region;

A Analysis of gradient wells and several deep wells made during geothermal exploration of Italian geotilesnal fi

A Analysis of raw data from existing seismic |lines that

A Magnet ot el lAoquisition ahdi3l@ Modeling of subsurface conditions utilizing a dense grid of 168 MT
stations within the concession areas;

A Gravity Modeling: Acqisition of Gravity Bouguer Data (D=2.67 g/cm3) with 1x1 km resolution and integration
with selected MT profiles.

A Reprocessing of existing seismic profiles and planning of new lines to be acquired.

In past years, geophysical electromagnetic methods haneel&nsively applied to geothermal exploration (see e.g. Spichak and
Manzella, 2009). Such methods may providiérrough imaging of the electrical resistivity in the subsurfaaseful information
pertaining to the geological, rheological and hydrauieditions of geothermal systems.

Amongst such methods, Magnetotellurics (MT) is based upon the measurement of the fluctuations of the natural electromagnetic

(EM) field at the
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sucha method allows low frequency measurements to large depths; on the other hand, cultural noise can severely affect the results
of MT soundings, and dedicated, robust processing procedures must be implemented.

This pger contains an analysis bbw MT data can be used to provide a geophysical characterization gettieermal areas

located inSouthern Tuscany, focusing in particular on the noise characterization and on the effectiveness of the robust processing

algorithms adpted. We will alsodescribe the workflow implemented in order to obtain a-tfukke dimensional resistivity
distribution, using a threeidensional inversion of MT datairially, we will show how the resistivity estimate from MT data can
provide ®me relevant information about the structural lineaments of the geothermal resdseohighlighting the limitations of

thismethod in the studied areas that are affected by very high EM anthropic noise.

2. GEOLOGIC SETTING

The concessions areas aredted in the westeroentral part othe Italian belt that belongs to the TyrrheniAppennine orogenic
system (Eocen@uaternary age). This system can be considered a "compressional fold trust belt" (Carmignani and Kggtigld

and is constituted bsuccessions of overthrust nappes with a prevalently general vergethheest.
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Figure 2: Structural setting of the westerrcentral Italian belt (from Brogi et al. 2003) (on the left). Tectonic-sedimentary
sequence in the study areas (from Bertiret al. 1991)(on the right).

Following thecompressional phase, an extensional tectonic phase took place from the Messinian age, opening neogene sedimentary
basins that are controlled by NN®8SE trending normal faul{8rogi, Liotta 2008, Brogi et al.,ad3).

In the study area the tectorsedimentary sequence can be synthetically described asdéitowtop to bottom:

A Neogene and Quaternary deposits represented by continental to marine sediments (Late Miocene to Pliocene and
Quaternary) filling extensnal tectonic depressions and lying unconformably over the substratum. This basi
elongated NWSE direction idilled by necautochthonous sediments;

2



Caranovaet al.

A Ligurian I.s. complex (corresponding to Ligurian and-&igurian units) consisting of ophiolitic rocksnd pelagic
sediments (Jurassi@@ligocene) and overthrusted eastward on the Tuscan Unit;

A Tuscan Unit consists of a variety of sedimentary rocks and includes carbonate and anhydritic formations at the base
and terrigenous formations at the top (Upper Tiri@ligocene); this unit is detached from the original substratum at
the level of the basal anhydritic formation; The Tuscan Unit is affeztedby tectonic extension which locally
superimposes directlyigurian units on the metamorphic formations.

A Metarorphic complex is composed of two metamorphic units (Bertini et al., 1991), the phyllites and micaschists
MonticianoRoccastrada Unit and the lower Gneiss Unit. The two units are separated by a mylonitic horizon linked
to the orogenic phase (Elter & Parid&b90).

A The Gneiss Unit and the underlying intrusive bodies have been drilled only in the fields of the Lafdaxelle
geothermal system.

2. GEOPHYSICAL FEATURES

In order to provide a geophysical characterization of the geothermal areasxpldeation and to contribute tbe definition of
the structural lineaments of the reservoir formations, both magnetotelluric (MT) and gravity methodologies have beesegintly
Carbonate lithologies of the geothwl reservoir allow detection @k adenser ad more resistive substratum.

2.1 MT data Acquisition and Processing

In the study areas, 168 MT station have been acquired (54 in Mazzolla and 114 in Mo@alieno, respectively) on an
irregular 2D grid, with a station spacing range of2®&km. For each station, the magnetic and electric time records were acquired
using 5channel ADU06 Metronix receivers equipped with PhCIl2 nonpolarisable electrodes and Metronix MB&/MFS07

coil magnetic sensors. Data were acquired in a broad fnegugand from0.001 up to 10000 Hz, using sampling frequencies
valuesof 65536, 8192, 2048 and 64 Hz. For the lowest sampling frequancgvernight acquisition was run lasting 14 hours
(Buonasorte et al., 2013).

A remote station was positioned, affgeliminary tests, about 40 km nortfest of the Cinigiano area and about 20 km south of the
Mazzolla area (Figure 3).

Figure 3: Location of MT sites in the three geothermal areas and remote site position.

Anthropic EM sources affect the natural maghetol | uri ¢ signals that noeseldot st gnbhéscopnb
neaby environmental sources largely present iroéthe study areas. At high frequencies the main sources of EM distortions are

due to power lines and water pumps, whiléoat frequency data are mainly affected by the presence of a rail network (train effect)
especially in the northern part of the Cinigiano area, as well as by the daily variations of source signals.

Therefore the remote reference method (Gamble et al.919%&s adopted within a data analysis workflow. Two different robust
processing algorithms were used, the first based upon an iterative reweighted method on time records corrected fodoutliers a
gaps (Larsen et al., 1996), the second exploiting a bounfleence estimator (Chave and Thomps2o04).

The distortions produced at high frequencies by the various sources on the MT signals were effectively removed by adopting th
remote reference method. At low frequencies, in some cases, since the naige&nly due to the soalled train effect) was
significantly high, its removal produced low data quality results.

Forall the study areathe remotereference robust procgng procedure allowed foeliable estimates of the impedance tensor and
tipperup to period range of-4 s. Only infew casezan data be reliabilitgxtended to 10 @-igure4).
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Figure 4: Apparent resistivity and phase curves as a function of period for one site acquired in the Cinigiano (left) and
Mazzolla (right) areas. For peiods > 2-4 s Rho and Phase are affected by noise, mainly for the component (blue
points).

2.23D MT Modelling

A series of numerical 3D inversions were carried out using an algorithm based upon the "Non Linear Conjugate Gradient" method
(NLCG), optimized to minimize the stalled objective function (Mackie and Madden, 1993; Rodi and Mackie, 2001).

The 3D grid paraeters chosen for the inversions were as fddlffwigure 5):

A core area with uniform horizontal spacing of 300 m
A external padding area characterised by higher and increasing spacing
A nonuniform vertical grid with a base spacing = 1/5 of the smallest estinséte depth

For the wide CinigiandJontalcino (figure 5) the total xyz grid dimension was 240x246x65 km.
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Figure 5: 3D horizontal grid adopted for the Cinigiano-Montalcino area.
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For the apriori inversion model twalifferent choices were adopted:

A Afibl i ndd ap pamogaeredus halfpace moded havingpnstant resistivity value & ohm.m;

A A geologybased approach, where the initial resistivity distribution was built using expected resistivity and thickness
values of the geological formatiopsesent in the area (Figure 6).
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Figure 6: Geology-based apriori model for the Cinigiano-Montalcino area.

For the CinigianaMontalcino area, the most stable result (i.e. the most reliable model) was characterized by a global RMS equal to

2.46, while fo the Mazzolla area the best value for such parameter turned out to be 1.77. Furthermore, for all the areas the chose
apriori model did nosignificantly affectfinal data fitting (Figure 7).
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Figure 7. Examples of MT sounding curves for Cinigiano-Montalcino area showing fits between observed (dots) and
estimated (dashed lines) values obtained with differentpriori model .

As mentioned, the maximum period of good consistency between data and model was estimated to be adesagelyrly in

some case 10 s, corresponding to a marinskin depth of 4 km. Given thig conservative estimate of the maximum depth at
which the resistivity models are reliable turned out to2e5Z&m
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The main results of the models obtained by the 3D inmesstan be summarized as follow

1 For Mazzolla area, the main feature of the 3D resistivity distribution is the occurrence of thick conductive body in the NE
portion of the survey area and the preseof a resistive bodgt 1.0 km depth in the central paf the survey area

(Figure 8 and 9).

Figure 8: Resistivity maps at different depths for the Mazzolla area (from left taight 2000 m, 2000 m and 3000 m rsl)

Figure 9: Resistivity SN crosssection for the Mazzolla area

1 For the MontalcineCinigiaro area, the inversion of MT data highlighted the occurrence of a resistive anomaly in the SE
portion of the survey areat 750 m depth and the presence of a thick conductive basin in the central part of the survey

area Figure D and 11).

Figure 10: Resistivity maps at different depths for the CinigianeMontalcino area (from left to right 1000 m, 2000 m and
3000 m rsl)



