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The Euganean Geothermal Field (EGF) is the most important thermal field in northern Italy. It is
located in the alluvial plain of the Veneto Region where approximately 17*10° m? of thermal water with
temperatures of 60—86 °C are exploited annually. A regional-scale conceptual model of the Euganean
Geothermal System is proposed in this paper using the available hydrogeologic, geochemical and struc-
tural data for both the EGF and central Veneto. The thermal water is of meteoric origin and infiltrates
approximately 80 km to the north of the EGF in the Veneto Prealps. The water flows to the south in a
Mesozoic limestone and dolomite reservoir reaching a depth of approximately 3,000 m and a tempera-
ture of approximately 100 °C due to the normal geothermal gradient. The regional Schio-Vicenza fault
system and its highly permeable damage zone act as a preferential path for fluid migration in the subsur-
face. In the EGF area, a geologic structure formed by the interaction of different segments of the fault
system increases the local fracturing and the permeability favoring the upwelling of the thermal waters.
Numerical simulations are performed to validate the proposed conceptual model using a finite differ-
ence code that simulates thermal energy transport in hydrothermal systems. A specific configuration
of thermal conductivity and permeability for the formations involved in the thermal system is obtained
after calibration of these parameters. This set of parameters is verified in a long-term simulation (55,100
years) obtaining a 60—70 °C plume in the EGF area. The modeled temperatures approach the measured
temperatures of 60—86 °C, demonstrating that this conceptual model can be realistically simulated.
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Introduction

Thermal waters are widely used for therapeutic purposes and recreational tourism,
and thermal spas and resorts can be found in most geothermal areas, representing a
significant economic resource in many countries. The Euganean Geothermal Field
(EGF) is one of the most important thermal fields in northern Italy (Fig. 1A). The
EGF is located on a strip of approximately 25 km? to the southwest of Padova and
to the east of the Euganei Hills (Veneto Region; Figs 1A and 1B) and has been well
known since the Roman period. The thermal field comprises the spa towns of Abano
Terme, Montegrotto Terme, Battaglia Terme and Galzignano Terme (Fig. 1C), where
more than 400 wells have been drilled since the 1960s due to increasing demand for
the thermal waters. Approximately 250 wells are presently active and exploit 17¥10°
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(A) Location of the Euganean Geothermal Field (EGF) within the central part of the Veneto Region (NE
Italy). (B) Structural sketch of central Veneto with the NW—SE-trending Schio—Vicenza fault system
(SVES). (C) Schematic geologic map of the EGF subsurface reconstructed using the stratigraphic logs of
the thermal wells (black dots). The bedrock is divided into a mosaic of blocks by a network of high-angle
faults. The main towns of the EGF are shown (Ab: Abano Terme; Mt: Montegrotto Terme; Bt: Battaglia
Terme; Gz: Galzignano Terme).
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m?/y of thermal water. The water is primarily used for health and spa purposes and
secondarily to warm hotels and for tropical flower-growing.

Piccoli et al. (1973), proposing a first conceptual model, suggested that the EGF
is the outflow area of a regional-scale hydrothermal system. The aim of this research
is to update the model of the Euganean Geothermal System using the knowledge
developed over the last 40 years of study. Numerical simulations are performed to
validate the proposed conceptual model and to verify whether the Euganean Geo-
thermal system can be realistically reproduced using a code for groundwater flow
and heat transport.

Geologic and hydrogeologic settings

Geologic setting

The geologic setting of the EGF (Fig. 1C) has been reconstructed since the 1990s
using the stratigraphic logs of drilled wells, some of which reach a depth of 1,000 m
(Antonelli et al. 1993, 1994). The thickness of the Quaternary alluvial cover rang-
es from a few meters (i.e. Battaglia Terme and Galzignano Terme and locally at
Montegrotto Terme) to approximately 200 m (Abano Terme). The typical strati-
graphic sequence found beneath the alluvial cover is composed of: i) Triassic to
Eocene limestone, dolostone and mudstone (i.e. Marne Euganee Formation, Early
Eocene—Early Oligocene; Scaglia Rossa Formation, Late Cretaceous—Early Eocene;
Maiolica Formation, Late Jurassic—Late Cretaceous; Rosso Ammonitico Formation,
Late Jurassic; Calcari Grigi Formation, Early-Middle Jurassic; Dolomia Principale
Formation, Late Triassic); and ii) Late Eocene—Early Oligocene volcanic rocks (i.e.
trachyte, rhyolite, basalt and latite) that crop out in the nearby Euganei Hills and can
be ascribed to the Paleogene magmatism of northeastern Italy. The units beneath are
made of Permian—Triassic limestone, dolostone, sandstone and evaporitic rocks that
lie above the pre-Permian crystalline basement of the Southern Alps. The subsurface
of the EGF is fragmented into a mosaic of blocks by a network of high-angle faults
(main directions: NNE-SSW, E-W, NNW-SSE; Fig. 1C). A similar pattern of open
fractures (main directions: NNE-SSW, ESE-WNW, NW-SE) deforms a travertine
mound (Montirone Hill) located in Abano Terme (Pola et al. 2011, 2014a).

From a regional point of view the EGF is located along the Schio—Vicenza fault
system (SVFS), which extends for approximately 120 km in the Veneto alluvial plain
from the foot of the Prealps to the Po delta (Pola et al. 2014b; partially shown in
Fig. 1B). This system is composed of NW—SE to NNW-SSE trending, NE-dipping,
high-angle faults buried beneath the Quaternary alluvial cover of the Veneto plain, and
it bounds the northeastern part of the Adria Plate indenter to the west (Burrato et al.
2008; Pola et al. 2014b). The SVFS developed as a system of high-angle normal faults
during Mesozoic and Paleogene, when it accommodated the extension affecting the
passive margin of the Adria plate (Zampieri 1995; Masetti et al. 2012). Subsequently, it
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was reactivated during the Neogene flexural cycles bending the Veneto plain (Fantoni
et al. 2002) and was mainly active during the last Pliocene—Quaternary flexural cycle,
accommodating: i) the flexuring towards the south with a vertical scissor movement
(Pola et al. 2014b); and ii) the northward movement of the Adria Plate indenter (e.g.
D’Agostino et al. 2005) with sinistral strike-slip or transtensional kinematics.

A linkage between the SVFS and the Euganean Geothermal System may be sup-
posed (Zampieri et al. 2009, 2010; Pola et al. 2013) because faults are recognized as
the most efficient path for fluid migration in the subsurface (e.g. Curewitz and Karson
1997; Perello et al. 2001; Baietto et al. 2008; Faulkner et al. 2010). Curewitz and Kar-
son (1997), in a global study on thermal springs, stated that 78% of hot springs are lo-
cated near faults, with the most common settings being those of fault tip-lines (33%)
and interaction areas between faults (25%). In particular, a fault zone (Faulkner et al.
2010) is generally composed of: i) the fault core made of gouges, cataclasites and/or
ultracataclasites; ii) the damage zone formed by fractures over a wide range of length
scales and subsidiary faults; and iii) the protolith representing the undeformed rock.
The density of fractures increases from the protolith to the fault core, whereas the
permeability reaches its maximum value in the damage zone due to the high density
of interconnected fractures.

Hydrogeologic setting

The Euganean thermal waters (Norton and Panichi 1978; Gherardi et al. 2000;
Fabbri, 2001; Fabbri and Trevisani 2005) are characterized by: i) temperatures from
60 °C to 86 °C; ii) basic pH from 6.3 to 7.4, which is independent of temperature; iii)
high values of total dissolved solids from 3.5 to 6 g/L with the principal constituents
being primarily CI" and Na* (70 wt. %) and secondarily SO,*, Ca**, Mg, HCO, and
SiO,; iv) stable isotope compositions that are more negative than the local meteoric
water (Euganean thermal water: 630 from — 11.5%0 V-SMOW to — 10.1%0 V-SMOW
and 8D from — 84.8%0 V-SMOW to — 71.5%0 V-SMOW; local meteoric water: 8'*0 of
approximately — 8.5%0 V-SMOW and 8D of approximately — 55+5%0 V-SMOW); and
v) absent or very low *H content.

The stable isotope data of the Euganean fluids reveal a common meteoric ori-
gin and suggest an infiltration area located at approximately 1,500 m a.s.l. (Norton
and Panichi 1978; Gherardi et al. 2000). The parent meteoric water acquires its high
salinity and chlorinity through prolonged leaching reactions with the sedimentary
formations of the reservoir. In particular, the quite constant Ca/SO, ratio (0.46+0.4),
which is in agreement with the gypsum-anhydrite reference value (~0.42), suggests a
circulation of the thermal water through evaporitic formations (Gherardi et al. 2000).
The reservoir equilibrium temperatures are estimated using the SiO, and K/Mg geo-
thermometers, which indicate an equilibration temperature from 80 to 100 °C (Ghe-
rardi et al. 2000). The *H and “C measurements suggest a residence time greater
than 60 years and probably in the range of a few thousand years (Sartori et al. 1997;
Gherardi et al. 2000; Boaretto et al. 2003).
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The Euganean thermal waters are mainly exploited from highly fractured horizons
located at a depth between 300 m and 500 m within the Maiolica Formation. The trans-
missivity of the aquifer was estimated between 13 m?d and 500 m?d (Antonelli and
Fabbri 1988; Fabbri and Matteotti 1989, 1992; Fabbri 1997). The potentiometric level
of this aquifer is a few meters below ground level, and its annual trend shows anthropic
seasonal variations related to the touristic seasons (Fabbri and Soccorso 2007; Pola et al.
2015). As a matter of fact, a decrease of the level occurs during spring and autumn, when
there is a higher exploitation of thermal waters related to the high rate of incoming tour-
ists, whereas an increase takes place during winter and summer, when the demand for
thermal water is lower. Other secondary thermal aquifers are found at different depths:
i) the sandy layers of the Quaternary alluvial cover host thermal waters with slightly
lower temperatures (i.e. 48 °C at 56 m below ground level and 79 °C at 136 m below
ground level) that were exploited in the recent past but are presently not used; and ii) the
fractured layers, located at approximately 800—1,000 m depth in the Calcari Grigi For-
mation and in upper part of the Dolomia Principale Formation, form a deeper thermal
aquifer bearing thermal waters with higher temperatures (approximately 80 °C) and a
potentiometric level above ground level due to the still-moderate exploitation. All aqui-
fers (i.e. sandy aquifers and rocky aquifers at different depths) exhibit similar seasonal
variations of the potentiometric level, suggesting that they are hydraulically connected.

The first conceptual model of the Euganean Geothermal System was proposed by
Piccoli et al. (1973). It locates the thermal system to the west of the SVFS, and the
parent meteoric water flows through a Mesozoic carbonate aquifer below the Lessini
and Berici Mountains up to the EGF. This model can be considered out of date due to
the presently available data on the geologic setting of Veneto (Antonelli et al. 1990;
Pola et al. 2014b) and the geologic and hydrogeologic setting of the EGF (Antonelli et
al. 1993; Fabbri 2001; Fabbri and Trevisani 2005; Fabbri and Soccorso 2007; Zamp-
ieri et al. 2009; Pola et al. 2013, 2014a, 2015).

Methods

The geologic setting of the subsurface to the east of the central Veneto reliefs
(i.e. the Lessini and Berici Mountains and Euganei Hills) and the architecture of the
Schio—Vicenza fault system (SVFS) have been recently described using a collection
of seismic data (Fig. 1B; Pola et al. 2014b). In particular, the northern and southern
parts of the fault system are well constrained through seismic sections, whereas the
central area close to Padova and the EGF suffers from a lack of seismic data due to
the proximity of the relief (Fig. 2A). The new gravimetric map of Italy (Ferri et al.
2005) is used to fill the gap in the architecture of the fault system (Fig. 2A). The map
(with a pixel size of 1 km?) was obtained through the interpolation of onshore and off-
shore gravimetric data, and it constitutes a useful tool in clarifying the geometry of
buried regional structural elements (Ferri et al. 2005). The digital elevation model of
the gravimetric map is processed through the SLOPE function in the ESRI ArcGIS
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package. This process allows identifying areas characterized by a steeper gradient in
the Bouguer anomaly, which can be interpreted to be the result of faulting.
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(A) Gravimetric map of central Veneto (Ferri et al. 2005) with the architecture of the SVFS obtained
from seismic data (main faults: Conselve—Pomposa, CP; Travettore—Codevigo, TC; Schio—Vicenza, SV;
Pola et al. 2014b). A gap in this interpretation, due to a lack of data in the seismic database, is shown
close to the relief (Le: Lessini Mountains; Be: Berici Mountains; Eu: Euganei Hills) between Vicenza
(Vi), Padova (Pd) and Abano Terme (Ab). (B) Slope of the gravimetric map showing areas with a steeper
Bouguer anomaly gradient (white area), which are interpreted as fault-related (dotted lines). A good cor-
respondence between the architectures obtained through seismic and gravimetric data is observed. (C)
Updated architecture of the SVFS in the area near the EGF. The Schio—Vicenza Fault partially overlaps
the Conselve—Pomposa Fault, forming an interaction zone between the faults that is interpreted to be a
relay ramp. (D) Schematic model of the relay ramp (not to scale). Tensional open fractures develop within
the relay ramp, enhancing the upwelling of the thermal water in the EGF.
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The structural data on the central Veneto (Antonelli et al. 1990; Pola et al. 2014b),
the chemical data on the Euganean thermal waters (Norton and Panichi 1978; Sartori
et al. 1997; Gherardi et al. 2000; Boaretto et al. 2003) and the stratigraphic, hydro-
geologic and structural data on the EGF (Antonelli et al. 1993; Fabbri 2001; Fabbri
and Trevisani 2005; Pola et al. 2014a) are used to propose a conceptual model of the
Euganean Geothermal System.

A numerical model is performed in order to verify the proposed conceptual mod-
el. This is the first numerical model developed for the Euganean Geothermal System,
and it is performed using the finite difference code HY DROTHERM version 3 (Kipp
et al. 2008). This code simulates thermal energy transport in two or three-dimension-
al, multi-phase (liquid and steam), groundwater, single fluid component (pure water)
flow systems, and it has been used in different hydrothermal settings (e.g. Ingebritsen
and Rojstaczer 1996; Hurwitz et al. 2003). The two partial differential equations
solved by the code are the water-component flow equation and the thermal-energy
transport equation. These equations are coupled through the dependence of advec-
tive heat transport on the interstitial fluid velocity field and the dependence of fluid
density, viscosity, and saturation on pressure. The governing equations are solved
numerically through finite-difference approximation.

Results and Discussions

Structural constraints on the Euganean thermal water circulation

The analysis of the gravimetric map of central Veneto (Fig. 2A) reveals a decrease in
the Bouguer anomaly value moving east away from the relief. Although this variation
appears to be smooth, the slope map displays areas that are affected by a sharp gradient
(white areas in Fig. 2B), which is interpreted as a fault-related increase in the depth of the
subsurface. The highlighted NW-SE-trending fault segments extend approximately 70
km from the foot of the Lessini Mountains to the south of the Euganei Hills. In addition,
four segments approach the faults depicted in the seismic data (Pola et al. 2014b; Fig.
2B), constraining the interpretation obtained from gravimetric data. The architecture
of the fault system can be rearranged for the area without seismic data (Fig. 2C): 1) the
NW-SE-trending Schio—Vicenza Fault is extended along the eastern border of the Les-
sini and Berici Mountains; and ii) the Conselve—Pomposa Fault extends to the north of
Padova with a main N-S trend. The northern part of the Conselve—Pomposa Fault and
the southern part of the Schio—Vicenza Fault overlap (Fig. 2C) and may form an inter-
action zone between the faults of the SVFS. The interaction zone evolved in accordance
with the kinematic evolution of the fault system (Pola et al. 2014b); therefore it probably
originated as a relay ramp during Mesozoic to Paleogene extension, when the SVFS was
a system of normal faults. Subsequently, the SVFS was reactivated with sinistral strike-
slip or transtensional kinematics during the Neogene, and the ramp was segmented by
two faults that connected the bounding faults, forming a breached relay ramp (Fig. 2D).
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Relay ramps (e.g. Peacock and Sanderson 1994; Trudgill and Cartwright 1994;
Peacock and Sanderson 1995; Long and Imber 2011), and in general interaction zones
of faults, are potential sites of hydrothermal fluid flow because they are characterized
by high stress, which increases the local fracturing and permeability (Curewitz and
Karson 1997; Ferrill and Morris 2001; Rotevatn et al. 2007). The EGF coincides with
the breached relay ramp of the SVFS (Figs 2C and 2D). Given the sinistral strike-
slip kinematics superimposed on the bounding faults, the relay ramp accommodates
along-strike local extension, producing a local fracture mesh that increases both the
local permeability and the fluid migration to the surface. The network of fractures
that deforms the Montirone travertine hill in Abano Terme (main directions: NNE—
SSW, ESE-WNW, and NW-SE) constitutes the surface manifestation of the frac-
tures deforming the bedrock, as also suggested by the calculation of the theoretical
fracture mesh that develops within the interaction zone (Pola et al. 2014a).

Euganean Geothermal System conceptual model

The interpretation of the Schio—Vicenza fault system and all the data on the EGF
are used to propose a conceptual model of the Euganean Geothermal System (Fig.
3A) and to construct a standard cross-section (Fig. 3B).

The relay ramp increases the fracturing of the bedrock and the local permeability
in the Euganean Geothermal Field (EGF). The fracture mesh is similar to the frac-
ture network of the Montirone travertine mound (Pola et al. 2014a). In particular,
the ESE-WNW-trending 50 cm-wide tensional fissures permit the rapid upwelling
of the thermal water from the deeper part of the reservoir and their subsequent hor-
izontal flux. As a matter of fact, the direction of this set of fractures parallels the
direction of the anisotropy (N110°E) shown in the variogram map of the thermal
aquifer transmissivity (Fabbri 1997). The anisotropy is evidence of similar values
of transmissivity along this direction, suggesting a preferential flow path for fluids
through open fractures in the subsurface. In addition the water flux is increased by
the discontinuities in the subsurface like magmatic bodies, which crop out in the
nearby Euganei Hills, and karstic conduits, which are locally found during drill-
ing (unpublished data). A quick ascent is constrained by the highest temperatures of
the waters measured in the EGF wells (greater than 80 °C in some wells and up to
95 °C in vertical thermal logs; unpublished data), which approach the temperatures
of the deep reservoir calculated by the geothermometers (80—100 °C; Gherardi et al.
2000). The thermal waters rise through the fracture mesh and subsequently spread
horizontally in fractured layers located in the Dolomia Principale, Calcari Grigi and
Maiolica Formations. Presently, the most exploited aquifer is located within the Mai-
olica Formation at a depth of 300 m to 500 m. The lateral spreading of the thermal
waters is suggested by: i) the temperatures of the water exploited from the 300-500
m deep aquifer by similarly deep wells decrease moving away from the areas where
the parent water emerges directly from the deep reservoir (the parent water shows
the highest temperature values and the lowest 8'*O; Gherardi et al. 2000); and ii) in
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(A and B) Conceptual model of the Euganean Geothermal System proposed in this paper. See the text for
an extended explanation. The dotted line represents the track of the cross-section of the model (B). The
magmatic bodies in the subsurface of the EGF are schematically drawn with the aim of showing their
occurrence and their role in the flow of thermal waters.
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the distal zones characterized by “lower temperatures”, waters exploited from wells
deeper than 500 m (i.e. the maximum depth of the most exploited reservoir) have
higher temperatures. Locally, the thermal waters rise toward the surface developing
discontinuous thermal aquifers in the sandy layers of the Quaternary alluvial cover
(i.e. 48 °C at 56 m below ground level and 79 °C at 136 m below ground level). All
the aquifers (i.e. the sandy and rocky aquifers at different depths) are hydraulically
connected, as suggested by the observed similar seasonal variations in the potentio-
metric level (i.e. high levels in summer and winter, low levels in spring and autumn;
Fabbri and Soccorso 2007; Pola et al. 2015).

Moving northward from the EGF, the Schio—Vicenza Fault acts as a conduit for the
thermal water flux in the subsurface (Fig. 3A) because of the higher permeability of
the fault damage zone (Faulkner et al. 2010). In the middle part of the thermal system,
the water flows through the Mesozoic limestone and dolomite formations that also
constitute the thermal aquifer in the EGF. These formations are located at a depth
between 2,000 and 3,000 m (Fig. 3B), and the fluids warm up to approximately 100
°C via: 1) the normal geothermal gradient (30 °C/km); and ii) exothermic reactions
between anhydrite and the parent meteoric water (Gherardi et al. 2000). Addition-
ally, a vertical water flux between the Mesozoic limestone and dolomite formations
and the underlying Permian-Triassic sandy—evaporitic formations occurs as well, as
suggested by the Ca/SO, ratio of the thermal water (0.46+0.4), which is in agreement
with the gypsum—anhydrite reference value (~0.42). The interaction between deeply
infiltrated meteoric water and the gypsum, dolomite and calcite of the reservoir may
enhance the dissolution of carbonates, even in the absence of an acid source (Bi-
schoff et al. 1994). Therefore, hypogenic karstic phenomena associated with the local
network of fractures may enhance the permeability and the water flux, as shown in
several carbonate reservoir thermal systems around the world (Goldscheider et al.
2010).

The relief of the Euganei Hills and Berici Mountains (maximum elevation 603 m
a.s.l. and 445 m a.s.1,, respectively) cannot constitute the infiltration area of the parent
meteoric water because they do not reach the infiltration elevation of 1,500 m a.s.l.
suggested by the stable isotope analysis (Gherardi et al. 2000). North of the middle
part of the circuit, the Veneto Prealps to the east of the Schio—Vicenza Fault may
constitute the recharge area of the Euganean Geothermal System. The hypothesized
recharge area is located in the Sette Comuni and Tonezza Plateaux and the relief
surrounding the area features an elevation range of 87 m a.s.l. to 2,341 m a.s.l, a
mean elevation of 1,317 m a.s.l., and a surface area of 880 km? (Fig. 3A). This choice
is supported by the following observations: i) the elevation of the area is consistent
with the stable isotope composition; ii) the Mesozoic limestone and dolomite forma-
tions of the main thermal aquifer crop out extensively in the area; iii) the plateaux
are characterized by fractures and karstic conduits that permit the deep infiltration
of the meteoric water; and iv) the hydrological mass balance of the area (Aurighi
et al. 2004) indicates that 23% of the infiltration (260 mm/y) is not balanced by the
discharge of springs located at the base of the relief, producing a potential recharge
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for the thermal system of approximately 230*10° m*/y, enough to feed the 17*10°
m?/y of thermal water exploited in the EGF. The Sette Comuni and Tonezza Plateaux
are bounded to the south by the south-vergent Bassano Thrust and the associated
asymmetric anticline (Fig. 3A; Fig. 3B), which provide the continuity of the thermal
aquifer from the infiltration to the outflow area of the thermal system (Fig. 3B).

Summarizing the proposed model, the parent meteoric water infiltrates in the
Sette Comuni and Tonezza Plateaux as a result of the high secondary permeability
of the outcropping rocks. The water flows to the south in a Mesozoic limestone and
dolomite reservoir, reaching a depth of approximately 3,000 m and increasing in
temperature to approximately 100 °C due to the normal geothermal gradient and
exothermic reactions between the anhydrite-bearing Permian—Triassic evaporitic
formations and the water. The Schio—Vicenza Fault and its highly permeable damage
zone are the path for the migration of the thermal water. The hot water intercepts the
interaction zone (relay ramp) between the faults of the Schio—Vicenza fault system in
the EGF area. This structure increases the rock fracturing, permits the development
of high permeability and enhances the migration of thermal water to the surface. The
ascent of the thermal fluids in the EGF occurs rapidly, as indicated by the measured
temperatures in the thermal wells (up to 95 °C), which approach the temperature of
the reservoir inferred via geothermometers (80—100 °C). The residence time of the
thermal water is greater than 60 years and probably in the range of several thou-
sand years, as shown by *H and "“C analysis (Piccoli et al. 1973; Sartori et al. 1997,
Gherardi et al. 2000; Boaretto et al. 2003). The results of the U-series and stable
isotope geochemical analyses performed on the travertine of Montirone Hill (Pola
et al. 2014a) corroborate the proposed model. The analyses found: i) a low uranium
content (3—12 ppb) characterized by a #*U/?8U activity ratio higher than unity; and
ii) 6"0 values less than 0 and 8“C values greater than 0. These data are typical of
deep hydrothermal circulation characterized by a long path at depth and long-term
water—rock interaction, in accordance with the proposed conceptual model of the
Euganean Geothermal System. In addition, the age of the first meter of the travertine
deposit (20 to 34 ka; Upper Pleistocene; Pola et al. 2014a) confirms the long activity
of the Euganean Geothermal System, which must have been active at least since 34
ka to allow the thermal fluid flow and the deposition of the travertine.

Numerical implementation of the conceptual model

The equivalent porous medium (EPM) approach is used to reproduce the Euga-
nean Geothermal System with the HYDROTHERM code (Kipp et al. 2008). This
approach, often referred to as equivalent continuum (Bear 1972), considers together
the rock matrix and the fractures and assigns them average hydrodynamic and ther-
mal properties over a volume that is sufficiently large to be considered statistically
representative (Representative Elementary Volume, or REV; Long et al. 1982). Most
authors agree that the EPM approach is particularly suited for flow systems at a re-
gional scale and especially for karstic aquifers (Scanlon et al. 2003). However, this
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approach can give erroneous results in terms of the flow directions or mass balance in
a more detailed scale or in heterogeneous conditions; in these situations, alternative
strategies must be adopted (Garzonio et al. 2014). The scale of the thermal system,
the spatial distribution of the hydrogeologic data and their degree of detail make the
EPM approach particularly suitable to simulating the Euganean Geothermal System.

A two-dimensional model domain is discretized from the standard cross-section
of the Euganean Geothermal System, neglecting the magmatic bodies in the EGF
subsurface, into 160 columns and 12 layers, resulting in 1,920 square cells with faces
that are 0.5 km in length. The input parameters values of the thermal system forma-
tions [porosity (n), permeability (K), thermal conductivity (L), specific heat capacity
(c), density (p) and compressibility ()] were obtained through literature research
(e.g. Pasquale and Verdoya 1990; Domenico and Schwartz 1998; Scharli and Rybach
2001; Vosteen and Schellschmidt 2003). The applied boundary conditions (Fig. 4)
are: 1) recharge from precipitation of 260 mm/y (Aurighi et al. 2004) at the top of the
domain corresponding to the recharge area; ii) a seepage face, which permits the out-
flow of groundwater from the simulated region and maintains the enthalpy of thermal
waters, at the top of the domain in the area of the relay ramp corresponding to the
EGF; iii) a basal heat flux of 100 mW/m? (Della Vedova et al. 2001) at the bottom of
the domain; iv) constant pressure and temperature values at the other boundaries; and
v) two point sources with a total outflow rate of 17*10° m*/y, representing the present
exploitation from the subsurface of EGF. The initial conditions are: i) a pressure of
1 atm and a temperature of 15 °C at the top of the domain; and ii) a hydrostatic dis-
tribution of pressure and a geothermal gradient of 30 °C/km in the remaining layers.
The simulations are in transient mode and are discretized into two periods: i) an
initial period of variable time duration during which the water flux is affected only
by the boundary condition; and ii) a second period of 100 years during which the
water flux is also affected by the point sources. The duration of the first simulation
step is adjusted using a trial and error method until stable conditions of fluid flow and
temperature in the EGF subsurface are obtained.

The numerical simulations are conducted starting with an explorative simulation
using initial educated guesses for the parameters and an isotropic permeability. Sub-

Recharge EGF
(260 mmly) =
P & T constant value Seepage face

< [ 1]
82 Point sources < 8 o4
£g (1710°m'ly) 22 oo
g > ) o8 42
© Basal heat flux (100 mW/m?) 2
I I I I I I I =0
0 10 20 30 40 50 60 70 80

Fig. 4
Boundary conditions applied to the numerical model
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sequently, a manual calibration is performed to obtain the configuration of parame-
ters that results in a subsurface EGF temperature similar to the one measured in the
thermal wells. Hurwitz et al. (2003) stated that the permeability and the thermal con-
ductivity of the rock units mainly affect the fluid and heat flux. The performed cali-
bration is focused on these two parameters, and it is conducted by means of changing
the mean values, which were used in the initial simulation, to the minimum and the
maximum values obtained during the literature research. The thermal conductivity
of the Quaternary alluvial cover and the pre-Permian crystalline basement are omit-
ted from the calibration because a slight variation in the thermal conductivity values
occurs.

Numerical simulation results

The explorative simulation (Fig. 5), with the initially guessed parameter values
and an isotropic permeability, is run for a first period of 5,000 years without ex-
ploitation and for a second period of 100 years with the fluid exploitation. The initial
temperatures of the formations in the EGF subsurface are as follows: 15 °C in the
Quaternary alluvial cover, 31 °C in the Mesozoic (i.e. Jurassic and Cretaceous) car-
bonate formations, 62 °C in the Upper Triassic dolomite formations, up to 145 °C in
the pre-Permian crystalline basement. Two increases in the temperatures of the EGF
thermal aquifer are observed during this simulation (Fig. 5A): 1) increases of 28 °C in
the Quaternary alluvial cover, 20 °C in the Mesozoic carbonate formations and 3 °C
in the Upper Triassic dolomite formations from approximately 3,000 years until the
end of the first simulation period; and ii) increases of 12 °C in the Quaternary cover,
4 °C in the Mesozoic carbonate formations and 0.5 °C in the Upper Triassic dolomite
formations during the second simulation period. The first increment is related to
an upward vertical flux of the thermal waters from the lower part of the simulated
region, which is probably driven by the seepage face boundary condition applied at
the top of the domain. A horizontal flux occurs together with the vertical flux, sug-
gesting the development of convective cells in the EGF subsurface that favors the rise
of the isotherms during the first simulation period (Fig. 5B). In contrast, the second
increase can be ascribed to the enhanced flow of hot fluids toward the alluvial cover
(Fig. 5B) due to the pumping simulated by the point sources.

The maximum temperature obtained from the first simulation in the EGF thermal
aquifer is approximately 60 °C and does not reach the observed temperatures of 70—80
°C. Therefore, a calibration of permeability and thermal conductivity is performed in
an attempt to approach the real temperatures. The simulations are conducted using
the same simulation time as the first simulation, and the results are compared. The
analysis of the permeability indicates that, in general, the mean value of permeabil-
ity results in higher temperature values for the EGF thermal aquifer. In contrast, the
analysis of the thermal conductivity shows that higher temperatures in the EGF sub-
surface result from the use of a particular configuration of values featuring low values
for the formations of the thermal aquifer (A from 2.1 to 3.1 W/m*K) and high values
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for the formation below the thermal aquifer (A from 3.2 to 4.7 W/m*K). Thermal con-
ductivity is the property of a material to conduct heat. Therefore, high values for the
formations below the thermal aquifer cause a higher rate of heat transfer towards the
thermal aquifer, whereas low values for the aquifer itself allow it to retain the heat
inside the formations. The configuration of values after the calibration is tested in a
simulation of 15,100 years (15,000 years without exploitation and 100 years of thermal
fluid exploitation) because the simulation time of 5,100 years does not appear to pro-
vide a stable distribution of temperature and water flux in the EGF. The model (Fig.
6A) is affected by a chaotic water flux until 5,000 years and the subsequent develop-
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Results of the simulation performed using initial guesses for the parameters. (A) Simulated tempera-
tures measured in the formations of the thermal aquifer in the EGF subsurface. A gradual increase in
temperature is observed in the thermal aquifer, which reaches temperatures between 50 °C and 60 °C.
(B) Simulated temperature and water flux at different time steps in the EGF subsurface. The water flux
indicates the development of convective cells (red circle) that permit the rising of the isotherms and an
increase in temperature
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ment of large convective cells that favors a homogenization of temperatures between
20 °C and 40 °C in the EGF subsurface (15,000 years), except for a small 50-60 °C
plume in the middle part (Fig. 7A). Therefore the permeability of the carbonate ther-

ﬂ K & A AFTER CALIBRATION E A AFTER CALIBRATION
K thermal aquifer = 0.125 darcy

Time: 0 years Time: 0 years
EGF 3 EGF ¢
5 T~ O
4 340 3340 3 'r4
3 —— 60 60 3
2
1
0

RS

Temperature T T T T T I Water mass flux I/(day*m’)
(°C) 10°C 30°C  50°C 70°C  90°C ~ 0.86E-7 —» 86

Fig. 6
Results of the simulations performed after the calibration of permeability and thermal conductivity (A)
and using a reduced permeability for the thermal aquifer (B). The reduced permeability results in a better

development of temperatures in the EGF subsurface, as shown by the isotherms 40 °C and 50 °C at t =
15,000 years
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mal aquifer is slightly reduced (K = 0.125 Darcy) with the aim of obtaining a slower
and less chaotic development of the water flux. This configuration is tested in a new
simulation together with the previous configuration of the thermal conductivity and
for the same simulation time. The simulation yields a temperature zone of 40 °C to
60 °C in the EGF thermal aquifer (Fig. 6B) that is more homogeneous and wider than
the previous simulations (Fig. 5; Fig. 6A). Therefore, a slightly reduced permeability
seems to develop higher temperatures in the EGF thermal aquifer, although the ob-
tained temperatures are still lower than the measured 70—-80 °C.

E EGF TEMPERATURE Legend
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Fig. 7

Results of the simulation performed using the calibrated parameters and an anisotropy factor of 0.2
(k,/k ; Table 1). (A) Simulated temperatures measured in the formations of the thermal aquifer in the
EGF subsurface. This model results in a gradual increase in temperature that generates a maximum
temperature of 74 °C at t = 40,000 years in the Upper Triassic dolomite formations and approximately
65 °C throughout the thermal aquifer at the end of the simulation. (B) Simulated temperature and water
flux at different time steps in the EGF subsurface. A 60—70 °C plume develops and features a maximum
surficial temperature of 72 °C at t = 55,000 years
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The calibration of the parameters proceeded through the test of different anisot-
ropies of permeability with the aim of decreasing the fluid flux, which appears to
favor the development of higher temperatures. The best result is obtained using the
previous configuration of thermal conductivity, the reduced permeability for the car-
bonate formations of the thermal aquifer (K = 0.125 Darcy) and an anisotropy factor
of 0.2 (k /k ; Table 1). The length of this simulation is 55,100 years (55,000 years
without exploitation and 100 years of exploitation), which is in agreement with the
age of the travertine in Abano Terme (20—34 ky; Pola et al. 2014a) and the long resi-
dence time of the Euganean thermal water (thousands of years). The temperatures of
the EGF thermal aquifer increase gradually reaching a maximum value of 74 °C in
the Upper Triassic dolomite formations at t = 40,000 years (Fig. 7A). Subsequently
the temperature in the Upper Triassic formations decreases, whereas the tempera-
tures in the Quaternary alluvial cover and the Mesozoic (i.e. Jurassic and Cretaceous)
carbonate formations continue to rise. A homogeneous temperature of approximately
65 °C throughout the EGF thermal aquifer (Fig. 7A) is obtained at the end of the first
simulation period (t = 55,000 years). The distribution of the temperatures in the EGF
subsurface (Fig. 7B) exhibits a slight increase of approximately 10 °C near the sur-
face until 25,000 years. Subsequently, two large convective cells with temperatures
between 30 °C and 60 °C develop, and they are divided by a plume with temperatures
between 60 °C and 70 °C (a maximum temperature of 72 °C is observed in the middle
part of the plume near the surface at the end of the first simulation period, t = 55,000
years), which are similar to the observed temperature values.

Table 1
Values of parameters for the different formations used in the calibrated simulation

Lithology n K A c p B

1 Sands—Clays 0.3 13.5 1.35 860 2,500 2.00E-08
2 Sandstones—Limestones 0.15 0.31 2.77 860 2,550 1.4E-08
3 Volcanic rocks 0.19 3.12 1.85 825 2,900 5E-10

4 Limestones 0.15 0.125 2.68 845 2,620 1.4E-08
5 Limestones 0.15 0.125 2.1 845 2,620 1.50E-08
6  Dolomite rocks 0.12 0.125 3.1 920 2,830 1.10E-08
7  Sandstones—Volcanic rocks 0.11 0.156 2 810 2,100 5.00E-08
8  Sandstones—Evaporites 0.02 8.84E-04 4.72 885 2,350 1.3E-08
9  Phyllites 0.04 3.1E-09 3.25 870 2,760 1.6E-08

The parameters are as follows: n, porosity (—); K, permeability (Darcy); A, thermal conductivity (W/m*K);
¢, specific heat capacity (J/kg*K); p, density (kg/m?); B, compressibility (Pa™'). The formations are as
follows: 1, Quaternary alluvial cover; 2, Oligocene—Miocene clastic—carbonate formations; 3, Paleogene
volcanic rocks; 4, Paleocene—Eocene carbonate formations: 5, Mesozoic (i.e. Jurassic and Cretaceous) car-
bonate formations; 6, Upper Triassic dolomite formations; 7, Middle Triassic clastic—volcanic formations;
8, Permian—Triassic clastic—evaporitic formations; 9, pre-Permian crystalline basement
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Focusing on the other parts of the model (Fig. 8), we observed the following:

* In the recharge area, a constant downward water flux develops in the outcrop-
ping formations, while a horizontal downstream water flux develops beneath
these formations. The vertical flux causes an approximately 20 °C decrease in
the temperature of the formations that crop out in the recharge area.
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Fig. 8

Temperature and fluid flow obtained for the entire thermal system using the calibrated parameters and
an anisotropy factor of 0.2 (k /k ; Table 1). The topographically driven fluid flow is enhanced by the
development of convective cells (red circle).
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* In the middle part, the development of regional-scale convective cells affects the
distribution of temperatures and water flow. The convective cells both decrease
and increase the local temperatures on the order of approximately 20—40 °C
during the first simulation period. The Middle Triassic volcanic and the Perm-
ian—Triassic clastic—evaporitic formations are also affected by the convective
cells, which likely allow a mixing of fluids located at different depths, similar to
the intra-formational fluxes discussed in the conceptual model.

In conclusion, the simulated temperatures of 60—70 °C approach the observed
temperatures of 70-80 °C measured in the thermal wells of the EGF. In addition,
the results of this last simulation are corroborated by: i) the simulated time, which is
in agreement with the age of the travertine of the Montirone Hill (20-34 ky); and ii)
the development of a flux driven by the topographical gradient, as suggested by the
proposed conceptual model.

Conclusions

This work re-examines the model of the Euganean Geothermal Field (EGF), one
of the most important thermal fields in northeastern Italy, taking into account recent
data on the thermal field and on the thermal waters. The proposed model is a region-
al-scale, tectonically controlled conceptual model that covers an 80-km-long and
20-km-wide area in central Veneto (Fig. 3). The parent meteoric water infiltrates in
the Veneto Prealps to the east of the SVFS and approximately 80 km to the north of
the EGF in the Sette Comuni and Tonezza Plateaux and the relief surrounding this
area. The water flows to the south in a Mesozoic limestone and dolomite reservoirs
and reaches a depth of approximately 3,000 m. The normal geothermal gradient and
exothermic water-rock interactions with the anhydrite in Permian—Triassic evaporitic
formations below the reservoir increase the temperature of the water to 100 °C. The
thermal water flux is enhanced by the high permeability of the Schio—Vicenza Fault
damage zone. In the EGF area, the thermal water is intercepted by an interaction
zone (relay ramp) between two faults (i.e. the Schio—Vicenza and Conselve—Pomposa
Faults), which produces a local fracture mesh and increases the local permeability
and the water flux. The upwelling of the thermal water occurs rapidly, as suggested
by the similarity between the measured temperatures in the EGF thermal wells and
the temperature of the reservoir. Subsequently, the thermal water spreads horizon-
tally through fractured layers in the Dolomia Principale, Calcari Grigi and Maiolica
Formations or locally rises up to shallow sandy layers in the Quaternary alluvial
cover, forming hydraulically connected thermal aquifers located at different depths.

The proposed conceptual model is validated by numerical simulations conduct-
ed using an EPM approach with the HY DROTHERM code. This code permits the
development of simple models with long simulated durations and requires mini-
mal computational effort. The best result is obtained after a calibration of the per-
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meability and the thermal conductivity of the formations involved in the thermal
system. This analysis yields a configuration of parameters that results in higher
temperatures in the formations of the EGF thermal aquifer. The best simulation,
carried on a simulation length of 55,100 years, shows a 60—70 °C plume in the
EGF area, and a maximum temperature of 72 °C is observed in the middle part of
the plume near the surface (t = 55,000 years; Fig. 7B). These values approach the
70—-80 °C measured in the EGF thermal wells, constraining the performed model.
The two-dimensional numerical model does not take into account certain parame-
ters (e.g. the permeability and geometry of the damage zone of the Schio—Vicenza
Fault, the higher permeability in the EGF area related to the interaction zone, the
occurrence of magmatic bodies and karstic conduits enhancing the water flux in
the EGF subsurface, the exothermic reactions between the evaporitic rocks and
the thermal water) that may influence the development of the water flux, the tem-
perature and the time scale of the simulations. However, this is the first numer-
ical model developed for the Euganean Geothermal System, and the calculated
temperatures, in agreement with the observed temperatures, demonstrate that this
conceptual model can be simulated in a realistic way through numerical modeling
of groundwater flow and heat transport.
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