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Key Points:

1. Fracturing related to local extension by fault interaction in a convergent regional
setting controls fluid flow in a geothermal system

2. Numerical simulations corroborate the impact of structural process driving a local
increase in convection and the rising of thermal waters

3. Convection enhanced by fracturing can result in temperature values profitable for
energy production in low-temperature geothermal resources
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Abstract

The interest on low-temperature geothermal resources is progressively increasing
since their renewability and widespread availability. Despite their frequency, these resources
and their development have been only partially investigated. This paper unravels the major
physical processes driving a low-temperature geothermal resource in NE Italy (Euganean
Geothermal System) through conceptual and numerical modeling. Dense fracturing
associated to regional fault zones and a relay ramp enhances regional to local flow of thermal
waters. Their rapid upwelling in the Euganean Geothermal Field is favored by open
extensional fractures deforming the relay ramp. The water (65-86°C) is intensively exploited
for balneotherapy, rendering it a profitable resource. 3-D coupled flow and heat transport
numerical simulations based on this conceptual model are performed. Despite the presence of
a uniform basal heat flow, a thermal anomaly corresponding to field observations develops in
the modeling domain reproducing the relay ramp. Intensive fracturing extending across a
wide area and a slightly anomalous heat flow favor a local increase in convection that drives
the upwelling of deep-seated hot waters. The simulations corroborate and refine the
conceptual model, revealing that water of up to 115°C is likely to be found in the unexplored
part of the thermal field. This study furthers knowledge on fault-controlled low-temperature
geothermal resources where the geological setting could enhance local convection without
anomalous heat flows, creating temperatures favorable for energy production. Conceptual and
numerical modeling based on solid geological and hydrogeological reconstructions can offer
a support tool for further detailed explorations of these prominent resources.

1. Introduction

The most important and profitable geological resources are associated with the
circulation and storage of deep-seated fluids (i.e., ore deposits of hydrothermal minerals,
petroleum resources, and geothermal resources). These result from several concurring
processes related to regional and local geological settings and to physical and chemical
features of fluids. Geothermal resources are used for energy production, heating and
industrial applications (Lund & Boyd, 2016). A detailed exploration is crucial to
understanding the interaction of physical, chemical and geological processes in the associated
geothermal system and to planning a sustainable utilization of the resource. The interplay of
these processes can be evaluated using numerical models that integrate 3-D reconstructions of
the geological settings into the first order physical principles of coupled fluid and heat
transport (e.g., Baiocchi et al., 2013; Brehme et al., 2016; Magri et al., 2012; Scheck-
Wenderoth et al., 2014). High-temperature geothermal resources have historically been the
most explored and modeled due to their great economic utility and long-term exploitation
(e.g., Della Vedova et al., 2008; Ingebritsen et al., 2010; Scott et al., 2016). Although they are
widespread worldwide, low-temperature geothermal resources have been less investigated
thus far (e.g., Baietto et al., 2008; Montanari et al., 2017; Volpi et al., 2017). Despite the
usual classifications based on temperature (Dickson & Fanelli, 2013), geothermal resources
can be cataloged by their geological characteristics (i.e., geological settings, heat and fluid
sources, and migration pathways), referred to as geothermal play. Two groups based on the
main physical process producing the play type are established (Moeck, 2014). Conduction-
dominated geothermal plays occur in tectonically inactive areas (i.e., passive continental
margins, intracratonic basins, and foreland basins) while convection-dominated geothermal
plays are associated with active volcanism and/or tectonism. For the latter type of resources,
most of the fluid originates from the infiltration of meteoric water, heat flows are strong, and
active faults and their subsidiary fracture networks are the preferential paths for fluid
circulation, Fracturing varies the permeability field of reservoir, which can be locally
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enhanced by orders of magnitude from the original undeformed protolith (e.g., Bense et al.,
2013; Faulkner et al., 2010). The resulting geological and hydrogeological heterogeneities
and convection add to the complexity of the system, demanding detailed conceptual and
numerical models.

The Euganean Geothermal System (EuGS) is one of the most important water-
dominated low-temperature geothermal systems in Europe. It extends through the central part
of the Veneto Region (Italy) and its main outflow area is the Euganean Geothermal Field
(EuGF). The thermal field covers a plain band of 25 km? located southwest of the city of
Padua (Figure 1a). Its thermal waters have naturally flowed into springs at least since 34 ka
(Pola et al., 2011), having been used for therapeutic purposes since Roman times (Bassani et
al., 2012). Their forced exploitation by wells started at the end of the 19" century. The
increased anthropic pressure into the 20™ century caused a sharp decline in potentiometric
levels drying all springs (Fabbri et al., 2017; Pola, Fabbri, Piccinini, Marcolongo, et al.,
2015). Approximately 600 wells have been drilled in the EuGF since the 1900s, and 150
wells were active in 2017, exploiting 14.9 x 10 m®. The water is mainly used for
balneotherapy in 95 spa facilities, constituting the largest spa center in Europe. Several
hundreds of thousand tourists attend the facilities, generating an income of 300 million € per
year (Consorzio Terme Euganee, 2016). Heating for resorts, floriculture, and aquaculture
represent secondary uses. Because of the natural, social and economic relevance of this
thermal resource, several studies have been carried out since the 18" century (Mandruzzato,
1789). Prior studies have investigated the geochemical features of the thermal waters
(Gherardi et al., 2000; Mayer et al., 2015; Norton & Panichi, 1978) and the geological,
hydrogeological and thermal settings of the EuGF (Antonelli et al., 1993; Fabbri, 1997, 2001;
Fabbri & Trevisani, 2005; Pola et al., 2016). Conversely, a proper regional geological and
hydrogeological reconstruction of the Veneto subsurface is lacking. Hydrocarbon exploration
wells are few (Figure 1a) and have been investigated with stratigraphic and thermal logs
while geophysical data (i.e., seismic sections and gravimetric maps) are relatively sparse. A
first attempt to develop a multi-scale conceptual model of the EuGS was recently advanced
by Pola, Fabbri, Piccinini, & Zampieri (2015). This work benefits from and revises the
available model by relating: (i) regional and local geological settings; (ii) geochemical and
isotopic features of the water; (iii) regional and local hydrogeological settings including
hydraulic properties of the bedrock; and (iv) physical principles of hydrothermal dynamics
that are likely to occur in the system. The updated conceptual model will be presented in the
first section of this study. Subsequently, its reliability in explaining the first order
characteristics of hydrothermal system dynamics will be tested by means of 3-D regional
coupled fluid flow and heat transport numerical simulations. The results will enable a first
quantification, both in terms of magnitudes and interconnections, of major processes driving
the Euganean thermal resource. These results will prove beneficial in improving current
knowledge on low-temperature geothermal systems in fractured carbonate rocks.

1.1 Regional geological setting

The stratigraphic sequence of central Veneto (Antonelli et al., 1990) can be simplified
as follows: (i) pre-Permian low-grade metamorphic basement made of phyllites; (ii) Permian
to Middle Triassic clastic and evaporitic rocks and secondary carbonate rocks; (iii) Late
Triassic to Early Cretaceous dolostones and limestones; (iv) Early Cretaceous to Eocene
mudstones and limestones locally interlayered with or intruded by Paleogene volcanic bodies;
(v) Oligocene to Miocene clastic rocks and secondary limestones and mudstones; and (vi)
Quaternary usually alluvial sediments. The stratigraphic setting of the EuGF was established
up to.1 km deep through the stratigraphic logs of the thermal wells (Antonelli et al., 1993;
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Fabbri et al., 2017). It matches the described regional sequence: the Quaternary alluvial cover
is up to 200 m thick, and explored rocky formations are composed of Late Triassic to Early
Oligocene sedimentary rocks locally intruded by Late Eocene to Early Oligocene trachyte
and rhyolite (secondarily, basalt and latite) cropping out into the Euganean Hills (Bartoli et
al., 2015; Cucato et al., 2012). The sedimentary formations are Late Cretaceous-Early
Oligocene marly limestones and mudstones, Late Jurassic-Early Cretaceous limestones, and
Late Triassic-Middle Jurassic limestones and dolostones. Beneath these formations, Permian-
Triassic units, which bear a few evaporite levels with predominantly gypsum or anhydrite,
and the pre-Permian basement are likely to occur since they were explored in a nearby, 5 km
deep, hydrocarbon exploration wells (LE 1 in Figure 1).

The regional structural setting can be subdivided into three main structural domains
bordered by regional faults (Figure 1a; e.g., Massironi et al., 2006; Vigano et al., 2008;
Zampieri, 1995). The Veneto Eastern Southern Alps (Prealps) are divided from their foreland
by ENE-WSW trending, NNW dipping thrusts. The NW-SE to NNW-SSE trending, NE
dipping, high-angle Schio-Vicenza fault system (SVFS; Pola, Ricciato, et al., 2014) separates
the undeformed foreland from its deformed sector (Lessini-Berici-Euganean and Veneto plain
blocks, respectively). The SVFS accommodated the multiphase deformation of the foreland
since the Mesozoic (Fantoni et al., 2002; Fantoni & Franciosi, 2010). The result was an
eastward-subsiding mosaic of blocks (Figure 1b) affected by a differential southward bending
increasing from minor in the study area to prominent towards their southern sectors (i.e.,
southern Veneto region; Pola, Ricciato, et al., 2014).

To the south of Padua, in correspondence with the EuGF (Figure 1a), a relay ramp
develops between two Jurassic-Paleogene normal fault segments reactivated as strike-slip
faults from the Neogene to the Present. The relay ramp deformed once again as an area of
localized extension, enhancing its fracturing. Favorable conditions for the rise of deep-seated
fluids generally occur in relay ramps or interaction zones as established in global geothermal
and oil fields (e.g., Faulds et al., 2013; Fossen & Rotevatn, 2016; Rotevatn & Peacock, 2018;
Rowland & Sibson, 2004). The local extension of the SVFS relay ramp develops a Hill-type
mixed extensional/shear-extensional fracture mesh composed of NNE-SSW, ESE-WNW and
NW-SE trending, high-angle faults and fractures (Pola, Gandin, et al., 2014). In particular,
the ESE-WNW extensional set parallels both: (i) the widest and longest fissure deforming a
travertine mound in the northern part of the EuGF; and (ii) the principal direction of the
anisotropy derived from the variographic analysis of thermal aquifer transmissivity
interpreted as a preferential groundwater flow path (Fabbri, 1997). The principal faults within
the ramp show a throw of tens of meters affecting both the geological and the
hydrogeological settings.

©2020 American Geophysical Union. All rights reserved.



1.2 The Euganean Geothermal System: a multi-scale conceptual model

The results of the physical, chemical and isotopic analyses on Euganean thermal
waters (Gherardi et al., 2000; Mayer et al., 2015; Norton & Panichi, 1978) can be
summarized as follows: (i) temperatures of 63°C to 87°C, near-neutral pH and salinity of up
to 6 g/l; (i) main components of CI- and Na* (70 wt%) and secondarily SO4*, Ca?*, Mg#*,
HCO3™and SiOg; (iii) 0 and 2H ratios in the range of the global meteoric water line but
more negative than those of local meteoric water; (iv) an absence or very low contents of °H;
(v) *He/*He ratio (0.073-0.13) of predominantly crustal origin enriched slightly by Euganean
volcanic rocks; and (vi) a variable content of Ra-Rn isotopes depending on the rising path of
the water and its interaction with the bedrock. The Euganean waters have some geochemical
and isotopic similarities with the lukewarm waters of the springs at the foot of the Berici hills
that show lower salinity and a predominant Ca-SOj facies. This suggests a regional
geothermal system characterized by different emerging points. The fluids show a progressive
increase of Na™ and CI” contents reflecting an increasing “maturity degree” of the
manifestations. Their Na/Cl ratio close to the unity points to an interaction with aquifer rocks
with almost constant Na/Cl ratios (Gherardi et al., 2000), as generally observed in thermal
systems in carbonates (e.g., Blasco et al., 2017; Cuoco et al., 2017; Yang et al., 2017). In
addition, the interaction with evaporites is suggested by: (i) the relatively high content of
S04 in Berici waters and their chemical type, and (ii) the Ca/SO, ratio of Euganean waters
(0.4 - 0.5) being very similar to the gypsum-anhydrite reference value (~0.42). These
geochemical features evidence a long-lasting circulation and the interaction of the Euganean
waters with limestones, dolostones, and evaporites (Gherardi et al., 2000). These
characteristics were corroborated by the isotopic content of the Euganean travertine (Pola,
Gandin, et al., 2014) showing: (i) positive 5!3C acquired during the prolonged interaction
with marine carbonates, (ii) extremely low U content typical of a deep circuit, where reducing
conditions favor its precipitation (Bourdon et al., 2003), and (iii) 2*U/?%8U activity ratio (~2)
higher than unity that is typical of travertines associated to hydrothermal systems with long
circulation paths at depth (Brogi et al., 2010, 2012). These water-rock interactions were
further confirmed through geochemical modeling (Gherardi et al., 2000). Although high
concentrations of CI-and Na* can be found in other hydrogeological settings (Pepin et al.,
2015; Perello et al., 2001), Na-ClI type waters occurs also in carbonate and evaporite
reservoirs (e.g., Blasco et al., 2017; Chiodini et al., 1995; Fusari et al., 2017; Pang et al.,
2018). In particular, the dissolution of dolomite favored by the water interaction with gypsum
or anhydrite is a common process in aquifers containing dolostones and gypsiferous layers
(e.g., Frondini, 2008; Goldscheider et al., 2010; Gunn et al., 2006). The geochemical results
were integrated with the regional and local geological and hydrogeological settings of the
study area into the EuGS multi-scale conceptual model.

Stable isotopes analyses point to a meteoric origin of the thermal waters and to a
recharge area elevation of approximately 1,500 m a.s.l. Comparable values are found in the
Veneto Prealps. Since the sector toward the west does not show favorable geological
conditions, reliefs along and east of the mountainous part of the Schio-Vicenza fault represent
the recharge area of the system (Figure 2a). The deep infiltration of precipitation is enhanced
by fractures and karst conduits, and it is mostly drained by the spring system located at the
base of the relief. The remaining portion recharges both alluvial and deep rocky aquifers. The
hydrogeological mass balance of the area (Aurighi et al., 2004) points to a potential flow rate
of 276 x 10° m3/y, which is sufficient to supply the volume of exploited thermal waters.

©2020 American Geophysical Union. All rights reserved.



Once infiltrated, the water flows southward mostly within Mesozoic carbonate
formations (Figure 2a). These formations host thermal aquifers beneath the EuGF, and they
crop out into the recharge area, exhibiting good continuity along the thermal system. The
damage zone of the Schio-Vicenza fault represents the main flow path of the thermal water. It
consists of a complete set of Riedel-type faults as observed in synthetic sinistral strike-slip
faults deforming the eastern sector of the Lessini and Berici Mountains. Local fracturing
increases permeability field, favoring both a southward horizontal flow in the reservoir and a
secondary vertical flow in the underlying Permian-Triassic clastic-evaporitic formations.

The regional flow intersects the favorably oriented fracture mesh of the SVFS relay
ramp (Figure 2b). The thermal fluids rise from the deep reservoir through the ESE-WNW
trending extensional fractures and flow horizontally into highly fractured layers located at
different depths. Their intensive fracturing was observed through cores and geophysical logs
(Antonelli et al., 1993). The deeper aquifer is hosted by Late Triassic-Middle Jurassic
carbonates at depths of 600 to 1,000 m. Having been investigated from few wells, its
hydrogeological setting is only partially identified. The most investigated and exploited
aquifer is found at depths of 300 to 600 m within Late Jurassic-Early Cretaceous limestones.
Its transmissivity generally ranges from 100 to 600 m?/day, although lower and higher values
were locally measured (Fabbri, 1997). Locally, the water can rise up to shallow depths
reaching the surface and clustering to form thermal springs. Shallow thermal aquifers are
found in laterally discontinuous sandy layers of the alluvial cover, but they have not been
exploited since the 1980s (Fabbri et al., 2017). Few principal areas of deep fluids rising are
postulated by the temperature and the isotopic content of the water. The upwelling from the
deep reservoir is likely to be relatively rapid because the highest temperatures measured in
the EuGF wells approach temperatures into the deep reservoir. Geothermometers based on
K/Mg and SiO; evidence a reservoir temperature of 80-100°C while isotopic fractionation
between CO, and CHj points to 170-245°C (Gherardi et al., 2000).

This multi-scale conceptual model evidences that fracture meshes associated to the
Schio-Vicenza fault system and the relay ramp drive the regional to local fluid flow (Figure
2). Preferential convective water motion induced by fracturing could represent one of the
principal processes warming the water. Slightly high regional crustal heat flow (70-80
mW/m?; Pasquale et al., 2014b) and radiogenic magmatic bodies of the Euganean area
(Tositti et al., 2017) could act as an extensive source of its heating. The thermal water likely
has a residence time of some thousands of years as suggested by *C measurements (Boaretto
et al., 2003). Such a travel time allows for long water/rock interaction that increases water
salinity.
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2. Methods

2.1 Governing equations

In running coupled fluid flow and heat transport models, we relied on the FEFLOW
code (Diersch, 2014). FEFLOW is a Finite Element based simulator used to solve for flow
and transport processes occurring in (un)saturated porous and fractured media with the
presence of local discontinuities as represented by discrete fault zones and local fractures.
Basic equations describing fluid flow and heat transport in these media are derived on the
basis of conservation laws for fluid mass (Equation 1), momentum (here linearized in terms
of Darcian flow, Equations 2 and 3), and thermal energy (Equation 5). Under Boussinesq
approximation, the mass conservation for the fluid phase is given by (Diersch, 2014):

(L).(0$) %+ V- (pg) = 0

with p denoting fluid density, p denoting pore pressure, ¢ denoting the porosity of the porous
medium, and g denoting fluid velocity. Source and sink of the fluid are neglected.

Under laminar flow conditions, groundwater flow obeys Darcy’s law as:

kij
@ ;= = (Vip +pg-V2)

where Kij is the permeability tensor, p is dynamic viscosity, and g is gravitational
acceleration.

Equation 2 is cast in terms of pore pressure as a primary variable. However, FEFLOW
solves for equivalent hydraulic head, h = pﬂg + z, thus leading to the following form of the

momentum equation:
(3) gi = —K;j(Vh + p'Vz)

pgkij

where K;; = is the hydraulic conductivity tensor of the porous medium, and p’ = (p —

Po)/Po i the ratio of fluid density, which is used here to account buoyancy-driven flow in
the equation.

Assuming the fluid to be the only compressible phase, mass conservation (Equation 1)
can be rewritten in terms of hydraulic head, which under isothermal conditions reads as:

oh
(4) ¢Spo; +V - (pg) =0

where S, = Soh + ¢, = pgp is the storativity of the medium with S, denoting the specific
storativity, &, denoting the specific yield, and £ denoting fluid compressibility.

Assuming the presence of thermal equilibrium between the fluid and solid phases and
neglecting any variations in fluid density and porosity, thermal energy conservation yields the
following heat transfer equation:

a
(5) (pc)ba—: -V (AbVT — pchT) —H=0

where (pc), = pprcr + (1 — P)pscs and A, = PpAr + (1 — PpA;) are the volumetric heat
capacity and thermal conductivity of the bulk medium, T is temperature, and H is a source
term taking radiogenic heat production into account in our formulation. Subscripts f and s
represent the fluid and the solid phases, respectively.

Equations 1, 4 and 5 are finally coupled by setting a functional form behavior for fluid
density and viscosity as depending on the respective primary variable of the problem. For the
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specific problem at hand, fluid viscosity is kept constant while the density of the fluid varies
linearly with temperature, following p = po(1 — @AT) with « being the volumetric thermal
expansion coefficient of the fluid.

2.2 Model Setup and Boundary Conditions
2.2.1 Geological reconstruction and model discretization

The aim of the numerical model is to simulate the fluid flow driven by small-scale
fractures and mesoscale faults within the Schio-Vicenza fault damage zone and the relay
ramp reproducing the natural condition of the EuGS before the forced exploitation of the
thermal resource by wells. The explicit discrete fracture approach superimposing discrete
elements (DE) to an equivalent porous medium (EPM) was employed. This approach
reproduces fracture networks at different scales (Bundschuh & Suarez Arriaga, 2010) and it is
used to simulate fluid flow and heat transport in fractured media such as hydrothermal
systems (Cherubini et al., 2013; Scheck-Wenderoth et al., 2014). The main faults involved in
the EuGS were modeled by 2-D DE using the Darcy law for fluid motion. Fractured bedrocks
in the damage zones and relay ramp and the undeformed protolith were modeled as EPM.

The modeling domain extended over central and outflow parts of the EuGS (Figure
3a). The outflow area was located at the center of the domain to avoid boundary effects on
the distributions of primary variables. The relay ramp is approximately 20 km long and 11
km wide with an aspect ratio (i.e., the ratio between length and width) consistent with
literature values between 1 and 10 over a wide range of scales (Fossen & Rotevatn, 2016).
The domain was extended 7.5 km east, reproducing the average distance between the
Conselve-Pomposa and Travettore-Codevigo faults along the ramp, and 30 km north,
reaching the foot of the Prealps. Similar buffers were imposed westward and southward. The
final extent was set to 80 km x 26 km in plain view, and the height was set to 5 km based on
the maximum thicknesses of the sedimentary units (Figure 3b). The top of the domain was set
at sea level since the altitude of ground surface decreases from 50 m to O m a.s.l.

The domain was divided into three blocks separated by sharp discontinuities (Figures
3b and 3c), reproducing respectively the main structural domains of central Veneto and the
fault zones of the regional faults (i.e., fault core and damage zone). The fault zones were
simplified with N-S trending vertical geometries and their thicknesses were set to 0.5 km
using an empirical correlation with the fault displacement (Savage & Brodsky, 2011)
obtained by seismic sections in the study area (Pola, Ricciato, et al., 2014). Although the
SVFS likely deforms deep parts of the crust, the modeled fault zones ranged from the top of
rocky hydrostratigraphic units to 4.6 km b.g.l., avoiding contact with the boundary conditions
at the base of the domain and potential numerical issues. Despite the simplified architecture,
this reproduction is suitable for a regional numerical model designed to simulate the
processes developing the EuGS. This faults representation slightly changes their relative
orientations in relation to the regional fluid flow, but it does not affect their conduit behavior
favored by the dense fracturing in the fault zones. The fault zones thicknesses could be a
further relevant simplification. Local data are lacking, and employing a well-established
correlation with the fault displacement, which covers various geological settings and scales,
was the best choice. Furthermore, their importance as preferential flow paths is mostly
controlled by their hydrogeological properties, which were increased from the values of the
protolith (Section 2.2.2).
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Formations of the study area were grouped into 5 hydrostratigraphic units (Table 1).
In particular, the Late Triassic-Early Cretaceous hydrostratigraphic unit represented
limestones and dolostones constituting the reservoir. Standard hydrostratigraphic sequences
were constructed for each block using outcrop data and stratigraphic logs. The units were
modeled as horizontal layers due to their moderate southward deepening in the modeled area
relative to their thickness. The result was the eastward subsiding of hydrostratigraphic units
(Figure 3d) reproducing the regional geological setting (Figure 1b).

Two N-S trending DE were implemented within both fault zones while the fracture
mesh deforming the EuGF subsurface was modeled by 3 sets of DE (Figure 3c and Table 2).
Since the bounding faults were rotated 30° clockwise to obtain the N-S trend, the directions
of the local fractures were accordingly reoriented. The resulting network of DE connected the
bounding faults and extended from the surface to 4 km b.g.l. The average widths of fracture
sets measured on the Euganean travertine deposit (Pola, Gandin, et al., 2014) were decreased
by one order of magnitude to obtain the width of the corresponding DE (d in Table 2).

The model domain was discretized using a prismatic mesh that was refined within the
fault zones and relay ramp. The vertical extent was divided into 25 layers of 200 m thick,
allowing to reproduce average thicknesses of the hydrostratigraphic units and fault throws.
The resulting mesh consisted of 2,693,775 elements.

Figure 3. Setup of the numerical model. The modeled area (dashed polygon in a) was
outlined to include the main regional fault segments (SV: Schio-Vicenza fault; CP: Conselve-
Pomposa fault; TC: Travettore-Codevigo fault) and their relay ramp. Their geometries were
schematized and implemented into a numerical model (b). The model reproduced the
structural domains of central Veneto (c) and it was discretized into 5 hydrostratigraphic units
(d, vertical exaggeration 5:1). The fractured parts of the units (i.e., fault zones, relay ramp)
were distinguished from the undeformed protolith using different parametrizations (Table 1).
Discrete elements (c; Table 2) were superimposed to the fractured zones simulating regional
and local faults. Fluid flow and heat transport boundary conditions (BC in e and f,
respectively) and initial conditions of temperature distribution (black contour lines in f)
completed the model.
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literature collections, were used to define hydraulic and thermal properties of the hydrostratigraphic units (Table
1) and DE (Table 2). The parametrization of undeformed and fractured parts of the units (protolith and fractured
rock, respectively, in Table 1) and of the DE was differentiated to reflect their role in the EuGS.

Kij (Equation 3) was simplified by considering the tensor as orthotropic, and
horizontal and vertical hydraulic conductivities (Kn and Ky, respectively) corresponding to Ky
and Ky and to K; were used. The hydraulic conductivity of the EuGF reservoir was
investigated through aquifer tests of approximately 40 wells (Fabbri, 1997). The lowest value
of its distribution was used as Kn of the fractured Late Triassic-Early Cretaceous
hydrostratigraphic unit, which reproduces the reservoir (Table 1). The K of the other
hydrostratigraphic units were established by literature datasets (e.g., Domenico & Schwartz,
1998). The K in their fractured parts (i.e., fault zones and relay ramp) was set two orders of
magnitude higher than the undeformed protoliths, corresponding to permeability ratios
between deformed and undeformed rocks (Bense et al., 2013; Faulkner et al., 2010). The Ky
was calculated from the Ky using different Ki/K(y ratios for fractured and undeformed parts of
the domain (Table 1). The hydraulic conductivity of the DE (K) was also obtained from the
experimental distribution. Since the measurements investigated both rock and fractures, the
mean and maximum values were increased by one order of magnitude and applied to the
strike-slip and extensional DE, respectively. The regional DE were modeled using the same
K of the extensional DE (Table 2). Similarly, the So (Equation 4) was obtained from the
aquifer test results. The minimum was used as the value of the hydrostratigraphic units (Table
1) while the maximum was set for the DE (Table 2).

Literature datasets (Pasquale et al., 2011; Vosteen et al., 2003; Vosteen &
Schellschmidt, 2003) were used to calculate the e, ¢, pc and X (Equations 4 and 5) based on
the main lithologies of the units. The & and ¢ of the fractured rock were increased by 25%
accounting secondary porosity induced by the fracturing. The ¢ of DE was set to 100% while
the pc and A was set as equal to the highest values of the hydrostratigraphic units.

High levels of radioactive elements in volcanic rocks of the Euganean Hills and their
contributions to the temperature increase in the EuGF were modeled by the radiogenic heat
source (H in Equation 5). Representative H values were calculated for the sedimentary,
metamorphic and volcanic lithologies (0.5, 2 and 3 pW/m?, respectively) using Uranium,
Thorium and Potassium concentrations and densities of the rocks in Veneto (Faccenda et al.,
2007; Germinario et al., 2017; Strati et al., 2015; Tositti et al., 2017). The H of the
sedimentary and metamorphic rocks were applied to rocky sedimentary and pre-Permian
hydrostratigraphic units, respectively. The volcanic bodies were simulated by increasing the
H of the Late Triassic-Early Cretaceous hydrostratigraphic unit in the relay ramp (Table 1)
since their maximum depth is 1 km (Norinelli, 1979). Such increase was calculated using the
percentage of volcanic rock obtained by stratigraphic logs (40%).
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2.2.3 Initial and boundary conditions

Equations 1 to 5 represent an initial and boundary value problem. Its solution requires
the definition of proper sets of boundary conditions (BC) both for hydraulic and thermal
components of the discrete problem and of initial distributions for the primary variables
(hydraulic head and temperature).

The fluid flow BC (Figure 3e) were set as: Neuman-type (2nd kind) BC of the
northern border of the domain and Cauchy-type (3rd kind) BC of the top in the relay ramp.
The 2nd kind BC reproduced the flow from the recharge area. An inflow of 3 x 10° m®/y was
applied to rocky hydrostratigraphic units of the foredeep. The inflow value was obtained after
calibration, and it produced a hydraulic head of 600 m to 900 m a.s.l. on the northern part of
the reservoir. Although this range was lower than the actual elevation of the infiltration zone
(1,500 m a.s.l.), it accounted for the loss of hydraulic head from the recharge area to the foot
of the Prealps (i.e., northern boundary of the model). The 3rd kind BC reproduced the
occurrence of the Euganean thermal springs and it was described as a hydraulic head of 10.5
m a.s.l. corresponding to the mean elevation of the EUGF. Furthermore, it required inflow and
outflow transfer coefficients. A constraint condition inhibited the inflow while the outflow
coefficient was set as numerically equal to the Ky of the Pliocene-Pleistocene
hydrostratigraphic unit and to the K divided by the aperture, d, for the DE (Table 2). The
constraint condition both favored the outflow and inhibited the infiltration of local surficial
waters into the thermal aquifer, which can be excluded considering the isotopic contents of
the thermal waters.

The heat transport BC (Figure 3f) were set as: Dirichlet-type (1st kind) BC of the
northern and southern borders of the domain and of the top, Cauchy-type (3rd kind) BC of
the top in the relay ramp, and Neuman-type (2nd kind) BC of the base. A prescribed value of
15°C was set for the 1st kind BC of the top, representing the average annual temperature,
while it was set as equal to the initial temperature distribution at the northern and southern
borders. The 2nd kind BC reproduced the heat flow from the lower part of the crust, and it
decreased southward from 80 mW/m? to 70 mW/m? (Pasquale et al., 2014b). The temperature
of the 3rd kind BC was 15°C as the 1st kind BC. Inflow and outflow transfer coefficients
were calculated using the same approach used for the fluid flow coefficients.

The initial hydraulic head was set to 0 m a.s.l. while the initial distribution of
temperature was obtained from a preliminary steady state simulation (Figure 3f). Its BC
included Dirichlet-type (1st kind) BC at the top of the domain and Neuman-type (2nd kind)
BC at the base. The same BC values were applied.

The described features were tested in a transient simulation for a period of 2.5 Ma to
achieve a quasi steady state solution. This simulation was obtained after many tests with
different sets of parameters and hereafter is referred to as the reference simulation. Further
subsidiary simulations were performed to assess the impact of regional and local faults and
radiogenic heat production on the temperature distribution. The obtained results are presented
and compared to available local and regional temperature distributions and flow rate.
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3. Results

3.1 Reference simulation

The initial temperature distribution within the relay ramp obtained through the steady
state simulation ranges from 15°C to 139.5°C. Temperature generally increases from these
initial values, reaching approximately stable conditions after 1 Ma (Figure 4a). Similarly, the
volume of water flowing out from the 3rd kind BC of the relay ramp varies slightly over time
(Figure 4b). Therefore, the obtained solution is of a quasi steady state reproducing the natural
conditions of the system before the exploitation of the thermal waters by wells. The final
temperature distribution within the relay ramp was investigated through temperature profiles
and maps at different depths. The maps show that the temperatures are lower in the southern
part of the relay ramp (Figure 5) where a slight decrease from the initial distribution occurs.
The lowest values (minimum temperature profile in Figure 4c) are modeled in the southern
part of the Schio-Vicenza fault zone. On the other hand, an increase from the initial steady
state condition is observed in northern and central parts of the ramp. This results in the
formation of a positive thermal anomaly enclosed by isotherms corresponding to the average
modeled temperature (mean temperature profile in Figure 4c). Isotherms follow a general
NW-SE trend in the upper part of the domain. This trend parallels the network of DE
implemented within the relay ramp modeling domain, which simulates the fracture mesh
deforming the bedrock. Furthermore, isotherms exhibit an irregular shape produced by local
temperature increases (Figures 5a, 5b and 5c) along the widest and highest permeable DE,
which reproduce the extensional open fractures. The isotherms shift to a regular ellipsoidal
shape at greater depths with a prevalent E-W trend (Figure 5d).

Within the simulated thermal anomaly, the increment from the initial condition is
approximately 50% to 150% in the reservoir and 25% to 75% in the underlying
hydrostratigraphic unit. The part of the domain showing a temperature increase higher than
50% was selected to numerically detail the obtained results. Its extent is approximately 70
km? until the depth of 1 km, and it is comparable to that one of the thermal anomaly
southwest of Padua including the EuGF and its hinterland with lukewarm waters (Antonelli et
al., 1995). The extent progressively decreases until 3 km in depth where the temperature
increase is lower than 50%.

The simulated values in the rocky reservoir (Table 3) were compared to field data
from the EuGF. First, temperature profiles were considered (Figure 4d). These measurements
were conducted in wells where the exploitation was temporarily stopped from a few hours to
several days. Despite comparable surficial temperatures, the trends of the simulated and
experimental profiles differ at shallow depths. The simulated temperatures are generally
lower than well profiles showing a sharp temperature increase. At greater depths
(approximately below 0.5 km), the observations and the modeling results are comparable.
The bottom hole temperatures of the deepest profiles were measured as 82.6°C, 82.4°C and
84.2°C at depths of 590 m, 680 m, and 850 m, respectively. Furthermore, 92°C at a depth of
1 km was inferred from the results of a partial thermal log investigating the deepest artesian
well of the EuGF. These values are within the modeled range of temperatures at comparable
depths (Table 3).

The discrepancy found at shallow depths can be explained by considering that the
simulation and the observations are representative of different thermal and hydraulic
conditions. The simulation reproduces the natural, quasi-static state of the EuGS that was the
state before any forced extraction of the waters. By contrast, the measurements have been
conducted under dynamic conditions and they should be considered as still being affected by
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the prior exploitation. The effect of the exploitation on the well profiles has been
corroborated by the results from a 1D model as detailed in the Supporting Information to this
manuscript. The 1D model, run with the GOLEM simulator (Cacace & Jacquey, 2017),
simulated the temperature variations in an ideal well of the EuGF during the extraction and
the subsequent shut-in period. Starting from the natural undisturbed thermal regime (i.e., the
distribution resulting from the regional model), the model reproduced the trends of the EuUGF
temperature profiles and it evidenced a long-lasting impact of the well activity on the
subsurface temperature.

The analysis of the regional modeling results was completed by considering the
wellhead temperatures measured during chemical surveys and the reservoir equilibrium
temperatures inferred by geothermometers (Gherardi et al., 2000; Mayer et al., 2015; Norton
& Panichi, 1978). Since the shallow colder aquifers are isolated and the measurements were
conducted in wells active for a few days, the wellhead temperatures should reflect the
temperature in the thermal aquifer being a good indicator for the natural condition of the
system. The waters exploited from the most investigated part of the rocky reservoir (up to
600 m deep) shows temperatures of 48.5°C to 87°C while the waters from its deep section
(up to 1 km deep) are 63°C to 85°C. Temperatures within the simulated thermal anomaly
(Table 3) are in the range of the measurements with minor discrepancies that can be
explained by the extent of the available datasets. Shallow depths are poorly investigated in
colder marginal parts of the thermal field, but wellhead temperatures of 25-30°C are found in
its hinterland, supporting the modeling result. Conversely, the hottest parts lack deep wells
resulting at maximum wellhead temperatures lower than the simulated values. Considering
the deeper part of the reservoir (1-1.6 km deep), the simulated temperatures (Table 3) are in
agreement with the values inferred by K/Mg and SiO2 geothermometers (80-100°C). On the
other hand, the performed simulation partially approaches the minimum value (170°C)
inferred through isotopic fractionation between CO and CHs4 (Gherardi et al., 2000). As a
matter of fact, the maximum modeled temperature is 147.2°C at the base of the sedimentary
hydrostratigraphic units (3.6 km deep) and reaches up to 168°C at the base of the domain.
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Since the reference simulation reproduces the temperatures of the EuGF, a regional
analysis was performed. A temperature profile and the bottom hole temperatures of deep
boreholes in northern and central parts of the Veneto plain foredeep (Figure 1a; Pasquale et
al., 2013) were compared to the model results for corresponding regions of the domain. Mean
temperature profiles were considered since the ranges of simulated values were small. The
data (simulated or measured) were normalized by subtracting surficial temperatures to focus
on trends. The measurements of the northern foredeep show good agreement with the
reference simulation (Figure 6a). The normalized simulated temperature is 3°C to 8°C higher
than the normalized temperature profile of the Vicenza 1 well while the difference from
normalized bottom hole temperatures varies from -7°C to 11°C. On the other hand,
temperatures in the central foredeep show dissimilar behaviors (Figure 6b). Measurements
taken from 1.6 km and 2 km deep are approximately 20°C different from the modeling results
while those from 3.5 km and 3.8 km deep are approximately 5°C lower. The discrepancy at
shallow depths could be related to local heterogeneities in the hydrogeological setting
(Pasquale et al., 2013), producing convective forces higher than those in the simulation.

Analyses of the temperature distributions on regional and local scales show that the reference
simulation reproduces both the regional and local observations. Since the basal heat flow
does not change with time (i.e., the system has a constant basal source of heat), the
development of the thermal anomaly could be related to an increased convection in the relay
ramp than in the protolith induced by enhanced hydraulic properties. Regional and local fluid
flows were investigated to better quantify this last assertion. The reported values are averages
calculated from 1.5 to 2.5 Ma within the quasi steady state of the solution (Figure 4).

The recharge of the system is represented by an inflow of 3 x 10° m*/y (2nd kind BC;
Figure 3e). It produces a generally southward flow in the northern domain preferentially
focused across and along the highly permeable fractured zone, which reproduces the Schio-
Vicenza fault zone. The range of flow velocities in the fractured part of the Late Triassic-
Early Cretaceous hydrostratigraphic unit is 107 - 10® m/y, and it decreases by 1-2 orders of
magnitude in its undeformed section. The resulting flow into the relay ramp is 1.88 x 10°
m3/y and 0.98 x 10° m®/y from the fault zone and the protolith, respectively. These inflows
represent the main sources of the approximately 3 x 10° m®/y outflowing from the top of the
domain in the area of the relay ramp (3rd kind BC; Figure 3e). The flux within the relay ramp
is highly variable. Its range is 10° - 1 m/y in the hydrostratigraphic unit of the reservoir, and
it slightly decreases in the underlying unit. Flux magnitudes increase by 3-4 orders of
magnitude in the DE with maxima observed in the extensional ones. The horizontal directions
of flow vectors vary across the ramp while their vertical components show a spatial pattern.
An upward flow occurs in the northern and central parts where the temperatures increase with
respect to the initial configuration (Figure 7). To the south, downward flow occurs resulting
in-a temperature decrease. These results corroborate the impact of the fluid flow on the
temperature distribution in the relay ramp. The remaining parts of the domain (i.e., Lessini-
Berici-Euganean block, Conselve-Pomposa fault zone, and southern foredeep) slightly
influence the fluid flow in the relay ramp, showing flux magnitudes 3-4 orders of magnitudes
lower than those observed in the northern region.
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3.2. Subsidiary simulations

The results of the reference simulation highlight the importance of the local
geological setting of the relay ramp on the development of the Euganean thermal anomaly.
Therefore, subsidiary simulations were designed to uncover the impact of both the fracturing
in the relay zone and the radiogenic volcanic rocks.

The connectivity between the segments of the SVFS could be provided by a breaching
fault (instead of the relay ramp), which represents the final stage of linkage between the faults
bounding a relay ramp (Fossen & Rotevatn, 2016). This potential geological setting was
reproduced with an approximately 500 m wide fractured zone that connected regional fault
zones replacing the fractured area of the relay ramp. The breaching fault zone was considered
as fractured bedrock and DE were superimposed (Figure 8b) while the remaining part of the
ramp structural domain was considered undeformed. The vertical discretization of the
hydrostratigraphic units, their parametrization, and the initial and boundary conditions were
kept the same as those of the reference simulation. The simulation was run for 2.5 Ma,
producing a quasi steady state solution after 1 Ma. A thermal anomaly along the breaching
fault zone develops in the central part of the domain (i.e., relay ramp structural domain of the
reference simulation). Mean and the maximum temperatures in this area are 5°C to 20°C
lower than those of the reference simulation (Figure 8a), and only the minimum values are
slightly higher. A detailed analysis within the anomaly reveals temperatures from 29.6°C to
73.6°C and from 45°C to 81°C in the investigated part of the reservoir (0.2-0.6 km and 0.6-1
km deep, respectively), reaching 86.9°C at its base (1.6 km deep). Although the minima
roughly correspond, the maxima are lower than both the reference simulation (Table 3) and
the wellhead temperatures at the same depths. Furthermore, the simulated anomaly shows
both a smaller extent than in the reference simulation (Figure 8b) and a local-scale
development that is not compatible with the Euganean thermal anomaly.

The simulation assessing the impact of the radiogenic volcanic bodies was designed
by applying a uniform radiogenic heat (H in Table 1) to the rocky sedimentary
hydrostratigraphic units. The H was set to 0.5 pW/m?3 as the reference value calculated for the
sedimentary rocks (Section 2.2.2). The structural and the hydrostratigraphic settings, the
parametrization (except H) and the initial and boundary conditions corresponded to the
reference simulation. The simulation was run for 2.5 Ma resulting in a quasi steady state
solution. The temperature distribution is comparable to the reference simulation, showing a
temperature decrease of 2°C (Figure 8a).

The importance of regional processes was also investigated through specific
simulations. However, the modeled scenarios are unlikely and the corresponding results were
not detailed. In particular, it is worth mentioning the scenario “without regional faults”.
Despite its inconsistency with structural data for central Veneto, this scenario is unlikely due
to the long-lasting activity of the EuGS (at least 34 ka; Pola et al., 2011). The regional faults
and their interaction are crucial to the stress accumulation in the relay ramp. This process
favors the local fracturing and its maintenance over time (Curewitz & Karson, 1997), and its
absence would result in a progressive clogging of the fractures and the inhibition of the water
flow.
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4. Discussion

The Euganean Geothermal System (EuGS) and the connected shallow thermal
resource exploited in the Euganean Geothermal Field (EuGF) are the result of concurring
regional and local structural and hydrogeological processes. These processes are included
within the renewed conceptual model of the system and are reproduced in numerical
simulations. Despite the simplifications of the stratigraphic and structural settings, the
performed “‘block-like” numerical model reproduced well the geological setting of central
Veneto at regional scale (Figure 1 and Figure 3). Based on the obtained results, it can be
concluded that horizontal and vertical temperature distributions of the Euganean thermal
anomaly and the regional distribution of central VVeneto are reproducible in a numerical
framework that accounts for first order physical principles of fluid flow and heat transport.
The highly permeable fault zone of the Schio-Vicenza fault locally increases the regional
fluid flow that feeds a local circulation in the relay ramp of the SVFS (Figure 7). Deep-seated
fluids are driven up to shallower depths through the dense multi-scale fracturing of the relay
ramp, which is produced by the accumulation of stress and maintained over time by the
activity of the regional faults. This upwelling leads to a thermal anomaly (Figure 5) where the
simulated values are 9°C to 57°C warmer than the surrounding undeformed foredeep. The
simulated fluid flow is a few orders of magnitude higher in the Schio-Vicenza fault zone and
relay ramp than in the protolith, enforcing numerically the occurrence of preferential flow
paths inthe system. In particular, the highest temperatures and fluxes are modeled along the
DE reproducing the ESE-WNW trending extensional open fractures deforming the EUGF
bedrock. This result, which is corroborated by the experimental variogram map of the thermal
aquifer transmissivity and outcrop data (Fabbri, 1997; Pola, Gandin, et al., 2014), physically
validates the importance of fluid flow through open fractures as a predominant process in the
EuGF. These fractures represent a preferential flow path in the subsurface and drive thermal
waters up to the surface, clustering them to form thermal springs.

Spatial correspondence between increased temperatures and fluid flows suggests that
the Euganean thermal anomaly results from high local convection in the relay ramp induced
by fracturing and enforced by slight anomalous heat flow. The onset of the simulated
anomaly cannot be produced by a purely conductive process or by a local increase in
radiogenic heat associated with volcanic bodies. The former process develops a temperature
distribution similar to that obtained from the steady state simulation, which does not conform
the field measurements, while the latter produces a slight increase (Figure 8a). Nevertheless,
volcanic rocks influence the isotopic content of the thermal water as suggested by Ra, Rn and
He isotopes analyses (Gherardi et al., 2000; Mayer et al., 2015). These results confirm that
structural causative processes at regional and local scales are crucial to the development of
the thermal system, supporting the conceptual model of the EuGS. Furthermore, important
feedback to the conceptual model itself is obtained. Temperatures of 100°C at the maximum
explored depth in the EUGF (1 km deep) and of 140°C below the principal reservoir are
simulated in the hottest section of the thermal anomaly. These results are interesting both for
the conceptual modeling and the utilization scenarios of the resource. Although isotopic
fractionation between CO, and CHa pointed to temperatures of 170°C to 245°C (Gherardi et
al., 2000), this geothermometer was not included in previous conceptual modeling due to its
scarce dataset, and the maximum temperature in the system was considered to reach 100°C
(Pola, Fabbri, Piccinini, & Zampieri, 2015). The possible occurrence of water of temperatures
higher than that currently exploited could lead to new uses of the Euganean thermal resource
(e.g., energy production and district heating), integrating current balneotherapeutic uses
during low tourism seasons.
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In addition to these local implications, the performed modeling offers useful feedback
from a regional point of view. Although approximately 60% of the modeled outflow is fed by
the fault zone, the protolith provides approximately 30%. These ratios should be carefully
considered from a quantitative point of view since they could be affected by the modeling
approach and by the parametrization. Qualitatively, this result evidences an impact of the
fluid flow through the protolith on the local flow in the relay ramp. This could result in
different water/rock interactions in the system and variable residence time of waters,
explaining the observed variability of the 1*C measurements (Boaretto et al., 2003).
Furthermore, the modeling indirectly provides feedback to the regional structural setting.
Faults geometries in northern and southern parts of the SVFS were obtained from seismic and
structural data (Pola, Ricciato, et al., 2014) while the central part close to the Euganean Hills
was established from regional gravimetric maps and indirect structural analyses (Pola, Fabbri,
Piccinini, & Zampieri, 2015; Pola, Gandin, et al., 2014). A breaching fault could
kinematically link the regional faults, but such a structure would develop a thermal anomaly
(Figure 8b) that does not reproduce the field data. This result corroborates the need for a wide
fractured area to produce the EuGF, which is compatible with the “relay ramp interpretation”.

Based on the results of this work, the EuGS can be cataloged as a convective-
dominated non-magmatic geothermal play in which fracturing is the main factor enhancing
convection. The importance of active faults was highlighted in Moeck (2014), but the
reported case studies were limited to regional extensional settings in which high heat flows
favored by crustal thinning combined with fracturing to enforce the convective process.
Although some analogies can be found, the present case study of the EuGS proves that
favorable conditions for increased convection can be found in other tectonic regimes. The
system is located in the foreland basin of three surrounding chains (i.e., Apennines,
Dinarides, and Eastern Southern Alps) that has been deformed by a multiphase compressional
regime since the Late Eocene (Fantoni et al., 2002). Regional strike-slip segments of the
SVFS linked through an interaction zone and the current regional stress axes oriented
obliquely to its boundaries develop a local extension forming a pattern of both tensile and
shear fractures, as observed in transtensional stepovers (De Paola et al., 2007). This
geological setting increases fracturing and local permeability field of the bedrock, favoring an
enhanced convective process in a region where the heat flow is slightly higher than the
average value of continental crust (70-80 mW/m? versus 60 mW/m?; Pasquale et al., 2014a,
2014b). This fracturing-induced convection can lead to temperatures higher than exploited or
expect values without the presence of an intense heat source.

The results of this study may lead to new uses of several worldwide low-temperature
geothermal fields for which surficial manifestations could be affected by mixing with cold
waters and deep original resources could be partially sealed or unexplored. Multidisciplinary
investigations on the geochemical features of the thermal water and on the regional and local
geological and hydrogeological settings are crucial to establish the main features of this kind
of resources. Their results integrated into a robust conceptual model can be physical validated
by numerical modeling. Simulations can direct further explorations and can be used to
support or reject some hypotheses that may be difficult to test with other methods.

The numerical modeling approach is a crucial factor: the explicit discrete fracture
approach (Bundschuh & Suarez Arriaga, 2010) permits one to reproduce faults and fractures
over a wide range of length scales (cm to km scales), accounting for their impact on local
convection. This approach is particularly suited for simulations of thermal systems controlled
by major faults and the associated fractured reservoirs. The correct implementation of the
fault and fracture systems driving the thermal fluid flow, and in general of the geological
setting, within the model is crucial to determine their impact on the thermal system
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development. However, a comprehensive assessment of regional and local geological and
physical processes within a unique model is far beyond the present computing capabilities
(Scheck-Wenderoth et al., 2014). A balance between geological and numerical aspects can be
achieved simplifying the geological, hydrogeological, and thermal settings, thus diminishing
the computational effort for solving the fluid flow and heat transport equations. This problem
was partially overcome in this study employing: (i) a kinematically plausible reconstruction
of the local fracture network based on structural data, and (ii) an hydrogeological
parametrization based on local measurements.

The workflow and the modeling approach employed in this work can be profitably
used for: (i) assessing the physical processes driving a thermal system at regional scale, (ii)
initial regional simulations that are the basis for a local modeling, and (iii) modeling thermal
systems with a limited amount of available data. The latter occurs in many, regional and
intermediate scale, low-temperature, geothermal systems characterized by a few emergences
of thermal waters and a limited dataset of hydrogeological and temperature measurements
(e.g., Borovi¢ et al., 2019). Although these geothermal resources are widespread, they are
poorly investigated and they are generally endangered by inadequate extraction plans. The
correct assessment of their geothermal potential favored and supported by an adequate
numerical modeling could open new utilization scenarios for several low-temperature
geothermal resource that could represent a paramount resource for local communities.

5. Conclusions

This work elucidates geological and physical processes developing a low-temperature
thermal resource in NE Italy (Euganean Geothermal System; EuGS) through conceptual and
numerical modeling. Both approaches point to the primary role of existing regional and local
faults and fractures in regional and local fluid flows. Highly permeable regional fault zones
enhance the fluid flow in the carbonate reservoir while dense fracturing associated with a
relay ramp favors a local increase of convection, the rapid upwelling of hot fluids and the
development of the Euganean Geothermal Field. The occurrence of preferential flow path in
the system is numerically quantified for the first time by the performed simulations. Despite
its physical validation, the numerical modeling offers important feedback on the conceptual
model. Temperatures in the unexplored parts of the thermal field and below the principal
reservoir are higher than the expected values reaching 100°C and 140°C, respectively. In
addition, the modeling results prove that the radiogenic volcanic bodies, which locally
intrudes the reservoir, mostly influences the isotopic content of thermal water rather than its
temperature.

This case study and the performed modeling can serve as an analog for low-
temperature geothermal resources hosted in carbonate formations and controlled by faults.
The numerical modeling applied as a supportive and integrative tool for conceptual modeling
is effective in the investigation of low-temperature geothermal resources. Such resources
have not been widely studied, but they should be considered as potential targets for detailed
geothermal exploration. The fracturing of bedrock associated with favorable geological
setting could produce a local increment of the convection that usually occurs in active
volcanic areas or in extensional basins with high heat flows. Such enhanced convection could
lead to higher than expected temperatures in the unexplored sections of the resource, reaching
values profitable for energy production or industrial processes. Therefore, low-temperature
geothermal resources could represent a potential renewable heat and energy source for small-
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scale users or local communities since they are more common and widespread than high-
temperature systems.
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Table 1. Physical parameters (units shown in brackets) assigned to undeformed and fractured
parts of the hydrostratigraphic units (protolith and fractured rock, respectively). Their principal

lithologies and ages are reported.

1 2 3 4 5
. Pliocene - Early Late Triassic - Early Permian - .
Time . Cretaceous - . . pre-Permian
8 Pleistocene . Early Cretaceous Middle Triassic
Unit Miocene
. Clastic and volcanic .
Lithology Sancsiilizlay, Ma;gr:ér;isr]tgne, Limestone, dolostone |  rocks, limestone, P?g/rllilstte’
anhydrite

Kn Protolith 1.00E-08 1.00E-09 4.00E-08 8.00E-09 1.00E-10

[ms?] F’%%‘gl(re" 1.00E-06 1.00E-07 4.00E-06 8.00E-07 1.00E-08
Kn/Ky Protolith 100.00 100.00 100.00 100.00 100.00

-] Fr";‘f‘“red 10.00 10.00 10.00 10.00 10.00

ock

€e Protolith 4,00 6.00 5.00 5.00 1.50
[%] Frz%‘gkred 29.00 31.00 30.00 30.00 26.50
S

0 - 2.00E-07 2.00E-07 2.00E-07 2.00E-07 2.00E-07
[m]

(0] Protolith 14.00 16.00 15.00 15.00 11.50
[%] F"';{%‘;:‘Bd 39.00 41.00 40.00 40.00 36.50
pc

- 1.90 1.80 2.20 2.00 3.00
[MJ m3 K]
A
=5 - 3.00 3.00 4,00 3.50 450
[WmtKY
H Protolith 0.00 0.50 0.50 0.50 2.00
(LW m™3] Relay ramp 0.00 - 1.50 0.50 2.00

Note. Kn: horizontal hydraulic conductivity; Ky/Ky: anisotropy conductivity ratio (horizontal versus vertical
hydraulic conductivity); €.: specific yield; So: specific storativity; ¢: total porosity; pc: volumetric heat capacity; A:
thermal conductivity; H: radiogenic heat.
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Table 2. Physical parameters (units shown in brackets) assigned to the discrete elements.
Their location and the kinematics of the corresponding fracture sets are reported.

1 2 3 4
Discrete Location Relay ramp Relay ramp Relay ramp Fault zone
elements set Direction N145°E N125°E N185°E N-S
Kinematics Extensional Strike-slip Strike-slip Transtensional
d[m] 0.04 0.02 0.02 0.04
K [ms?] 5.00E-03 1.00E-03 1.00E-03 5.00E-03
So [m™] 2.00E-05 2.00E-05 2.00E-05 2.00E-05
o [%] 100.00 100.00 100.00 100.00
pc [MJI m2 K1 3.00 3.00 3.00 3.00
AW mt K 4.50 4.50 4.50 4.50
Note. d: aperture; K: hydraulic conductivity; So: specific storativity; ¢: total porosity; pc: volumetric heat
capacity; A: thermal conductivity.

©2020 American Geophysical Union. All rights reserved.



Table 3. Temperature distribution in the area of the relay ramp showing an
than 50% from initial values.

increase higher

Temperature (°C)

Depth (km) Minimum Mean Maximum
0.00 Top of the domain 22.5 25.9 34.1
0.20 Top of the rocky units 30.4 39.9 56.1

Bottom of the most
0.60 exploited aquifer 44.2 62.6 85.9
1.00 Maximum depth of thermal 58.3 77.2 101.2
wells

Bottom of the Mesozoic

1.60 reservoir 79.0 93.8 115.2
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Figure 1. Geological setting of the central Veneto Region (NE Italy). The structural sketch (a; coordinates in
UTM zone 32N system using the WGS84 datum) shows the main segments of the Schio-Vicenza fault system
(SV: Schio-Vicenza fault; CP: Conselve-Pomposa fault; TC: Travettore-Codevigo fault) and their interaction
zone, where the Euganean Geothermal Field (EuGF) is located. The hydrocarbon exploration wells (black
~ diamonds; VL1: Villaverla 1; VI1: Vicenza 1; LE1: Legnaro 1; SA1: Sant’Angelo Piove di Sacco 1) and the main
cities of the investigated area (black circles) are reported. The hydrostratigraphic sketch (b) shows the eastward
deepening of the units accommodated by the fault system. The depths are reconstructed from stratigraphic logs
(LEZ, EuGF) or geological maps (Euganean Hills). For the legend of the units the reader is referred to Figure 2.
The inferred data are shown in lighter colors.
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Figure 2. 3-D regional (a) and local (b) conceptual models of the EuGS. The water infiltrates
and flows southward mostly within the Late Triassic-Early Cretaceous carbonate reservoir. The
regional flow, enhanced by the damage zone of the high-angle Schio-Vicenza fault, intercepts
the fracture network of the relay ramp, favoring the rise of thermal water in the EuGF. Padua
(Pd) is reported as a representative location since the sketches are not to scale.
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Figure 4. Slight variations in the mean temperature (a) and outflow (b) observed over time in
the relay ramp suggest that their final distributions reproduce the natural state of the system.
The final temperature (c) is detailed with temperature profiles within the simulated thermal
anomaly (Table 3), which are compared to the measurements of the EUGF wells (d).
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Figure 5. Maps of the temperature (in °C) modeled in the relay ramp at different depths. Discrete element mesh
deforming the ramp (dashed lines) and the southern part of the Schio-Vicenza (SV) fault zone are also shown.
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Figure 6. Normalized simulated (black lines) and measured (red line: temperature profile; square: bottom hole
temperature) temperature distribution in northern (a) and central (b) parts of the foredeep. Good agreement
between the values is shown. The locations of the investigated wells (V11: Vicenza 1; VL1: Villaverla 1; LE1:
Legnaro 1; SA1: Sant’ Angelo di Piove di Sacco 1) are reported in Figure 1a.
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Figure 7. Temperature and fluid flow distributions of the central part of the modeling domain.
The regional fluid flow increased by the fault zone of the Schio-Vicenza fault (SV) feeds a
local circulation within the relay ramp, where a convective process produces temperatures
higher than in the protolith (values shown as background). The fault zone of the Conselve-
Pomposa fault (CP) provides a minor contribution to the local fluid flow.
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Figure 8. Temperature distributions of the subsidiary simulations in the central part of the domain are compared
to values of the reference simulation (a). The simulated values are lower for the “breaching fault simulation” while
the results of the “radiogenic heat simulation” are comparable. The temperature distribution resulting from the
“breaching fault simulation” (b) evidences a thermal anomaly smaller and colder than that of the reference
simulation at comparable depths (Figure 5b).
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