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ABSTRACT

This study presents the first lithosphere-scale, steady-state 3D thermal model of the Calabria region (Southern
Italy), developed to support the geothermal resource assessment and exploration. By integrating geological,
geophysical, and thermal datasets, a high-resolution 3D geological model was built and used as a structural
framework for finite-element thermal simulations. The simulations incorporated spatially variable thermal
conductivity, radiogenic heat production, and a range of basal heat flux values applied at the crust-mantle
(Moho) interface. Five thermal scenarios were tested and calibrated against 254 measured temperature data
points from exploration wells. The results reveal pronounced lateral thermal heterogeneity, with temperatures
exceeding 90 °C at 3 km depth beneath the Ionian basins, driven by the local crustal structure, sedimentary
blanketing, and Moho geometry. While the model delineates zones suitable for low-to-medium enthalpy
geothermal exploitation (1-3 km), deeper high-enthalpy targets remain less constrained and deserve further
investigation. This study establishes a geologically consistent framework that enhances the understanding of the

regional thermal regime and serves as a strategic tool for guiding future geothermal exploration in Calabria.

1. Introduction

Over the past century, energy production has predominantly relied
on fossil fuels. However, the increasing awareness of their environ-
mental and health consequences, combined with their limited capacity
to satisfy the rising energy needs, has led to a transition toward sus-
tainable alternatives (Moya et al., 2018). Among these, geothermal en-
ergy stands out for its wide range of applications, low emissions, and
adaptability to various geological settings (Rybach and Mongillo, 2006;
Zhu et al., 2015). Its effective exploitation requires a detailed under-
standing of regional geological and tectonic settings, supported by direct
investigations such as deep drilling (Alcicek et al., 2019; Hou et al.,

2018). Nevertheless, the use of thermal modeling as a preliminary step
for exploration is crucial as it enhances the targeting of promising areas
and optimizes exploration strategies (Floridia et al., 2022; Marini et al.,
2025). Advances in computational techniques have facilitated the
development of local thermal models, which augment conventional
methods by improving the understanding of subsurface temperature
patterns (Giuffrida et al., 2025).

The focus of this study is the Calabria region in southern Italy, a
geodynamically complex area with considerable, but yet unexplored
geothermal resources. This research aims to reconstruct the steady-state
3D thermal fields of Calabria through a multidisciplinary workflow. The
construction of a high-resolution 3D geological model, combined with
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the simulation of the steady-state thermal field, was carried out by
integrating geological, geophysical, and thermal datasets using
specialized computational tools. Among the various parameters, ther-
mal conductivity, radiogenic heat production, and boundary conditions,
such as crust-mantle heat flux, play a key role in the modelling pro-
cedure. At the end of the simulation processes, multiple models were
generated and subsequently tested to ensure optimal correlation with in-
situ temperature measurements. These thermal models and
temperature-depth maps, constructed for different stratigraphic levels,
allowed the quantification of the total heat budget, the assessment of
low-to-high geothermal resources, and the identification of the most
suitable sites for potential geothermal development. Ultimately, this
study is aimed at facilitating the sustainable energy transition and
enhancing the regional energy independence by establishing a
comprehensive framework for geothermal exploitation, grounded in a
detailed characterization of subsurface thermal and geological
properties.

2. Geological and geodynamic framework

The Calabria-Peloritani Orogen (CPO) represents an arcuate ribbon-
like segment of the peri-Mediterranean orogenic Alpine nappe system
encompassing the Calabria region and the eastern sector of Sicily
(Cirrincione et al., 2015 and references therein). The CPO is positioned
between the Pollino Fault Zone (PFZ - Fig. 1), to the north, and the
Taormina Line to the south (TL - Fig. 1), acting as a structural link be-
tween the Apennine thrust-and-fold belts of southern Italy and the
Maghrebian chain in Sicily (Bonardi et al., 1980; Tortorici, 1982;
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Carminati et al., 2010). The CPO comprises various basement nappes
and ophiolite-bearing tectonic units that are remnants of the
Cretaceous-Paleogene Eo-Alpine orogeny and were involved in the
Neogene formation of the Apennine orogenic belt (Rossetti et al., 2001;
Cifelli et al., 2008; Carminati et al., 2010; Villamizar Escalante et al.,
2025). Geologically and morphologically, the CPO can be subdivided
into two distinct sectors, separated by the Catanzaro line (CL) (Fig. 1): a
northern sector, which includes the Sila Massif and the Coastal Chain,
and a southern sector, consisting of the Serre and Aspromonte massifs
along with the Peloritani Mountains in Sicily. This subdivision, which
has been subject to ongoing re-evaluation (Tortorici, 1982; Cirrincione
and Pezzino, 1991; Pezzino et al., 2008; Cirrincione et al., 2008, 2012),
remains geologically significant as it separates two sectors with notably
distinct geological histories. The northern sector is represented by a
Europe-verging nappe-like structure of Eocene age (Dietrich, 1988;
Cello et al., 1996) that overlapped during the early-Miocene onto the
African continental margin. This sector shows exclusive Africa verging
transport since the early Oligocene and up to Miocene, with associated
deposition of a huge conglomerate and arenaceous-pelitic succession
known as Capo d’Orlando Formation (Cirrincione, 1996; Atzori et al.,
2000; Cavazza and Ingersoll, 2005). The nappe structures of Sila and
Coastal Chain cover the entire northern sector of the orogen (Fig. 1).
They are separated by the Crati valley, a N-S trending graben ascribed to
the Pliocene-Pleistocene (Tortorici et al., 1995; Tansi et al., 2007, 2016,
2024). These structures consist of three main tectono-stratigraphic
complexes, each formed by distinct tectono-metamorphic units
(Amodio-Morelli et al., 1976; Piluso et al., 2000; Scandone, 1982): (i)
the basal “Apennine Complex” made up of partly metamorphosed

Fig. 1. a) Location of the study area (Calabria Region — South Italy). b) Simplified geological map of the Calabria Region. The figure shows all data acquired for the
final elaboration: VIDEPI project (seismic line and wells); CROP project (Scrocca, 2003 - seismic line); DEM of Calabria Region (25m*25m); Bathymetric map (from
the EMODnet Digital Terrain Model - Thierry et al., 2019); GEOTHOPICA database; Moho map (Barberi et al., 2004; Calo et al., 2012; Di Stefano and Ciaccio, 2014;
Grad et al., 2009). ¢) Schematic crustal section (modified after Van Djik et al., 2000). PSF: Petilia-Sosti Fault; PZF: Pollino Fault Zone, CL: Catanzaro line, NGF:

Nicotera Gioiosa Fault, TL: Taormina Line, PL: Palmi Line.
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Mesozoic carbonate succession (letto and Barillaro, 1993; Perrone,
1996; Ietto and letto, 1998; Iannace et al., 2007); (ii) the intermediate
Liguride Complex consists of oceanic-derived units, interpreted as
remnants of the Tethys Ocean (Guerrera et al., 1993; Cello et al., 1996;
Tortorici et al., 2009); (iii) the upper Calabride Complex representing an
uninterrupted continental crust section developed during the late
Variscan orogeny (Thomson, 1994; Brandt and Shenk, 2020). The
western and eastern margins of Calabria are covered by
Neogene-Quaternary clastic deposits that successively infill the Peri-
tyrrhenian and Periionian basins (Van Dijk et al., 2000; Mattei et al.,
2002; Muto and Perri, 2002; Zecchin et al., 2020, and references
therein). Within the Neogene stratigraphic record of these basins, Mes-
sinian evaporitic units (resedimented gypsum, microbial limestones, and
basin-centred halite deposits; Guido et al., 2007; Birgel et al., 2014;
Cipriani et al., 2024, 2026; Dominici et al., 2025) may occur and act as
mechanically weak horizons, influencing both basin architecture and
fault kinematics.

The southern sector of the Calabria region is characterized by the
Serre Massif, the Capo Vaticano Promontory (both considered to
represent a continuous continental crustal section closely associated
with that of the Sila and Catena Costiera areas) and the Aspromonte
Massif (Fig. 1). Unlike the northern sector, no elements attributable to
the Liguride or Apennine Units complexes are present at the base of
these massifs (Cirrincione et al., 2015). The Aspromonte Massif occupies
the southern end of Calabria, bordered to the north by the crustal-scale
strike-slip fault system known as Palmi Line (PL - Ortolano et al., 2013;
Tripodi et al., 2018, 2022). It is a south-east verging nappe edifice
(Ortolano et al., 2015), where the two uppermost tectonic slices are
constituted by two middle-upper crust derived units (the upper Stilo
Unit and the lower Aspromonte Unit), both characterised by a multi-
stage Variscan metamorphism, locally involving only the deeper one
during the latest stages of the Alpine metamorphic cycle (Bonardi et al.,
1984a, 1984b, 1992; Graessner and Schenk, 1999; Platt and Compag-
noni, 1990; Ortolano et al., 2005; Pezzino et al., 2008). The deepest
tectonic unit, separated by the intermediate Aspromonte Unit, shows a
thick mylonitic horizon and is composed of medium-grade metapelites,
exclusively registered a complete Alpine metamorphic cycle (Pezzino
et al., 1990, 2008; Ortolano et al., 2005; Cirrincione et al., 2008; Fazio
et al., 2008).

3. Geothermal potential of the Calabria region

The Calabria region is one of the most interesting areas in the
Mediterranean in terms of geothermal potential. Despite well-known
socio-economic challenges, Calabria claims significant geothermal po-
tential, highlighted by numerous thermal springs scattered across the
region. The intricate geological and structural framework, coupled with
active tectonics, creates favourable conditions for non-magmatic con-
vection-dominated geothermal systems, either fault-controlled or fault-
leakage-controlled, according to the catalogue of Moeck (2014). Ther-
mal springs in Calabria have been the subject of various investigations,
with both regional and site-specific approaches (e.g., Bencini and
Ciraco, 1982; Gurrieri et al., 1984; Duchi et al., 1991; Calcara and
Quattrocchi, 1993; Italiano et al., 2010). More recently, site-specific
approaches were adopted in the studies of Apollaro et al., (2012,
2016, 2019, 2020, 2025) and Vespasiano et al., (2014, 2015a, 2015b,
2015¢, 2016, 2023). These works showed that the main geothermal
reservoirs in northern Calabria are hosted in the deep Mesozoic car-
bonate units, which are sporadically exposed in tectonic windows,
allowing the discharge of thermal waters. In contrast, southern Cala-
bria’s geothermal reservoirs are predominantly hosted in basal
crystalline-metamorphic units. These geochemical studies identified the
origin of thermal fluids, the processes during their ascent and helped to
establish the conceptual model of the Calabria thermal systems. How-
ever, these results constitute only an initial step in assessing the region’s
geothermal potential, focusing on localized areas. The subsequent
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crucial step involves evaluating temperature and heat flux distribution,
encompassing both conductive and advective heat transfer.

Beyond characterizing localized thermal springs, other projects
aimed to define the medium- to low-temperature geothermal potential
across the entire region. Among these, the most important was the
VIGOR project (Evaluation of the geothermal potential of the conver-
gence regions, Campania-Puglia-Calabria-Sicily, Galgaro et al., 2012;
lovine et al., 2012), which proved to be useful in providing analytical
information to start geothermal prospecting activities and to increase
the share of energy consumed from renewable sources, as well as to
improve energy efficiency and to promote local development activities.

The geothermal resources of the Calabria region are still largely
geologically undefined and require adequate assessment using innova-
tive exploration strategies, such as integrative thermal modelling assis-
ted by geological constraints. In this context, geochemical data and wells
drilled during the hydrocarbon exploration campaigns in the 50s and
60s, covering localised portions of the Calabrian territory and providing
well-log data (thermometric, sonic, and gamma-ray data), are helpful for
studying regional geothermal conditions. From a general point of view,
few studies consider and develop numerical models to evaluate the heat
exchange in the subsoil. In Italy, a few studies have been carried out to
map the geothermal potential of regions based on 3D analytical
modelling approaches (Basilici et al., 2019; Basilici et al., 2020; Santini
et al., 2020; Santini et al., 2021), revealing that understanding the 3D
temperature distribution on a regional scale is an essential step to
investigate the geothermal potential and stimulate interest in its
exploitation.

4. Methodologies
4.1. 3D geological modelling approach

Accurately assessing the thermal regime of the Calabria region
hinges on a detailed understanding of its crustal framework, particularly
its lithology and associated physical properties. Integrating extensive
datasets is a powerful strategy for evaluating geothermal resources,
which directly improves the efficiency and precision of subsequent nu-
merical modelling.

A key gap in existing research is the absence of comprehensive
regional studies that synthesize the limited available data on Calabria's
subsurface complexity and its impact on the thermal field. To fill this
void, we began with a regional 3D geological model and integrated all
pertinent geological and geophysical data (Fig. 1) to create an initial
model geometry (Fig. 2). This dataset includes interpretations of seismic
lines (from a variety of sources, including Cello et al., 1981; Cristofolini
et al., 1985, and others) and data from hydrocarbon exploration wells
(from the VIDEPI and GEOTHOPICA projects and Trumpy et al., 2017).

To establish the model’s core geometry, we incorporated available
data on the major layers (Fig. 3) and defined the boundaries between
lithospheric units. These boundaries were specifically drawn to delin-
eate bodies with homogeneous physical properties by capturing first-
order variations in density. Given the low data resolution, we made
the simplifying assumption of assigning a single, homogeneous physical
property to each 3D layer. Each surface was defined using convergent
interpolation algorithms in the PETREL software (©Schlumberger).
While we acknowledge the inherent geological heterogeneity of each
layer, this simplification was deemed acceptable given the constraints of
the available data and the large-scale nature of the study area. Table 1
lists the prevailing lithologies for all the geological model units and their
variability in density (g/cm®).

The first stage involved defining the thicknesses of the units through
systematic data analysis and the reconstruction of reference surfaces. All
maps proposed in this study were obtained using a geostatistical
method, widely employed in geological science, to obtain an unbiased
estimate of regionalised variables. The Ordinary Kriging (OK) method
minimises the estimation variance (Lewicki et al., 2005) but requires
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Fig. 2. Regional 3D geological model. Simplified lithological blocks (shown in legend) were generated using Meshlt.

certain assumptions to be applied, such as an unknown constant mean
(Webster and Oliver, 2007). OK relies on the dataset semivariance
analysis and on the comparison between an experimental semivario-
gram and theoretical ones (Han and Suh, 2024; Apollaro et al., 2025).
The unknown values Zg)are calculated by the following OK Eq. (Saito
et al., 2005):

n
Zooy =Y Zi) * Ay
i=1

Where Z ;) is the measured/observed value at the location xi, while 1 is
the weight relative to the residual value of Z ;) .

The upper boundary of the model was defined using two key data-
sets: the Calabrian Region Digital Terrain Model (DTM) at a 20 m x 20 m
resolution and bathymetric data from the EMODnet Digital Terrain
Model for European marine areas (Thierry et al., 2019). These datasets
form the model's uppermost surface (Fig. 3a, Table 18S).

Within this regional framework, the Paleogene-Quaternary deposits
and the Crystalline-Metamorphic Unit are represented as isolated vol-
umes (Figs. 2, 3b, and 3c, Tables 2S and 3S). Specifically, the Oligo-
Pleistocene deposits show a significant variation in thickness, ranging
from just a few meters near the major massifs (Sila, Pollino, Aspromonte,
Serre, Coastal Chain) to approximately 6 km below sea level (b.s.l.) in
the main offshore basins (eastern Sibari plain, Locride area, and western
Tyrrhenian coastline).

The crystalline-metamorphic unit exhibits a regional thickness that
increases southward. In the northern part of the region, it reaches
thicknesses of up to 3-4 km b.s.1. near the Sila and Coastal Chain massifs.
Conversely, along the northern boundary, where the underlying

carbonate units are closer to the surface, the unit is at its thinnest
(Fig. 3c). In the southern portion, an assumed thickness of up to 13 km b.
s.l. was used due to the absence of deep carbonate units.

The depths of the crystalline basement and the thickness of the
Mesozoic carbonates were constrained using interpretations from
Trumpy et al. (2016, 2017) and Cassano et al. (1986). The latter intro-
duced the term “magnetic basement” to describe a theoretical surface
below which sedimentary successions are no longer present. The mag-
netic basement is deepest in the northern sector (up to 13 km b.s.1.) and
shallower in the southern portion, sometimes falling below 10 km
(Fig. 3d, Table 4S). The intersection of the metamorphic crystalline
units' base with the magnetic basement enabled the reconstruction of the
Mesozoic carbonate domain, which attains a maximum thickness of 12
km b.s.l. in the north and diminishes toward the south.

Finally, to constrain the base of the crust, we reconstructed the Moho
depth using data from various studies (Maesano et al., 2017; Barberi
et al., 2004, and others). As shown in Fig. 3e (Table 5S), the Moho depth
varies from east to west. A deep Moho interface, between 36 and 38 km,
characterizes the central CPO, a feature closely linked to the subduction
slab setting. The shallowest Moho depths are found in the Tyrrhenian
and Ionian domains, with a total crustal thickness of less than 24 km and
30 km b.s.1., respectively.

The final 3D reconstruction was developed using the open-source
software MeshIt, which allows generating high-quality tetrahedral
meshes for the later simulation stage, (https://www.gfz.de/en/section/
subsurface-process-modelling/infrastructure/meshitc), with a lateral
resolution of 5 km. The resulting model is composed of five distinct
layers from top to bottom, representing significant stratigraphic and
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Fig. 3. Depth-elaborated maps of the lithological layers considered for the 3D geological model: (a) Upper boundary of the model represented by topography
(topography + bathymetry); (b) bottom of the Paleogene-Quaternary deposits; (c) bottom of the Crystalline Basement; (d) top of the magnetic basement (e) Depth of
the mantle/crust boundary (Moho). The depth values for each point of the 5 km resolution grid are shown in the supplementary material.

lithological variations: (1) Paleogene-Quaternary deformed deposits, (2)
Crystalline Basement Rocks, (3) Meso-Cenozoic Carbonates, (4) the
magnetic basement (as defined by Trumpy et al., 2017), and (5) the
Lithospheric mantle. Detailed depth maps of each unit within the 3D
model are presented in Fig. 3.

4.2. Thermal modelling and dataset

The developed 3D geological model was used as input for the open-
source code GOLEM (Cacace and Jacquey, 2017) to simulate the
steady-state conductive thermal field within a structurally complex
geological context. GOLEM enables high-resolution thermal simulations
by accounting for spatial variations in rock properties, such as thermal
conductivity and radiogenic heat production, and by applying geologi-
cally consistent boundary conditions, including surface temperature
constraints and variable basal heat flux at the crust-mantle interface.
The software is specifically designed to model coupled thermal, hy-
draulic, mechanical, and non-reactive chemical processes. It is imple-
mented within the MOOSE (Multiphysics Object-Oriented Simulation
Environment) framework developed by the Idaho National Laboratory.
GOLEM utilizes advanced nonlinear solution strategies, such as the
classical Newton-Raphson method and the Jacobian-free inexact New-
ton-Krylov approach, to solve the governing equations describing
groundwater flow, heat and mass transport, and rock deformation.
Assuming that steady-state conduction is the primary mode of heat
transport, the governing equation solved is:

V-AVT) — H =0

where A denotes the thermal conductivity of the porous medium (in W/

m-K), calculated as a volumetric average between the solid matrix and
pore spaces, T is the temperature (in Kelvin), and H is the radiogenic
heat production term (in W/m?), treated as an internal heat source.

The geometry and thermal properties of each lithological unit were
discretized within a Finite Element Model (FEM), implemented in C++
to enable the numerical simulation. The horizontal resolution of the
FEM matches that of the geological model (5 km), while the vertical
resolution was refined to maintain an element aspect ratio close to unity.
This was achieved by subdividing each geological unit into several finite
element layers.

The following boundary conditions were applied to solve for the
temperature distribution numerically. All lateral boundaries were
assumed to be impermeable to heat flow, and a spatially variable surface
temperature (Dirichlet condition) was imposed at the model’s top
boundary, accounting for topography and bathymetry. This surface
temperature distribution was derived by interpolating the annual mean
temperature values from the dataset of Brunetti et al. (2014). The lower
boundary condition was imposed by estimating the thermal input from
the underlying mantle in the regional geological context.

The geological framework, thermal properties assigned to each
lithological unit, and defined boundary conditions provided the basis for
computing the regional-scale thermal field across Calabria. This
modelling effort led to the development of the first lithosphere-scale 3D
thermal model of the entire region, aimed at quantifying its thermal
structure. Model outcomes were evaluated by varying the lower
boundary condition, with a series of simulations conducted to assess the
sensitivity of the results to variations in thermal properties. The best-
fitting scenarios were compared against available shallow temperature
measurements. Due to the absence of direct measurements of
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Thermal modelling parameters used for the workflow. Values in parentheses () and in brackets [ ] are taken from the corresponding references, reported in parentheses

() and in brackets [ 1, respectively.

Layer Dominant Density Ref. Thermal Ref. Radiogenic Ref. Heat Ref.
lithology reference model conductivity production flux
(g/cm?) (W/mK) (mW/m?) (mW/
m?)
Paleogene Evaporites and 2.02 (2.2 - 2.35) VIDEPI project* ( 1.5-3.0 Di Sipio et al., 0.68 (0.4 - Caracausi
Quaternary sedimentary [2.3 - 2.35] Pepe et al. 2010) [ 2013 1.1) et al., 2005; (
deposits Akimbekova et al. Vila et al.,
2023] 2010)
Crystalline- Metamorphic 2.78-2.9-(2.69) Punturo et al., 2005; 1.9-2.9 Cataldi et al., 0.68 (0.23 - Vila et al.,
metamorphic and Igneous [2.76 - 2.86] Sgroi et al., 2012; ( 1995; Di Sipio 2.8) 2010
Unit Rocks Pepe et al. 2010) [ et al., 2013;
Akimbekova et al. Trumpy and
2023] Manzella, 2017
Meso-Cenozoic Mesozoic 2.4 VIDEPI project* 2.5-3.9 Montanari etal., 0.5-1 Caracausi
Units Carbonates and 2017; Trumpy et al., 2005;
evaporites and Manzella, Vila et al.,
2017 2010
Deeper crust Granodiorite 2.85(2.92 - Pepe et al. 2010 2.7-3.5 Clauser and 01-1 Vila et al.,
(Magnetic 2.84) Huenges, 1995; 2010;
Basement) Vila et al., 2010 Waples,
2001
Lithospheric Peridotite (3.273 - 3.361) Range from ( 4 Stacey, 2007 0.03 - 0.016 Vila et al.,
mantle (Plagioclase Fichtner et al., 2018; 2010
phase 3.28 - Kumar, 2022) (Pepe
Spinel 3.37) et al. 2010) [
[3.2] Akimbekova et al.
2023]
Moho_min 20 Jaupart
et al.,
2007
Moho_mean 40 Jaupart
et al.,
2007
Moho_max 60 Jaupart
et al.,
2007

“ data from the Gardner’s relation (Gardner et al., 1974) applied to seismic velocity ViDEPI dataset.

temperature or heat flux at the Moho, a sensitivity analysis was carried
out by running models with different heat flux values at the lower
boundary, ranging from 20 to 60 mW/m?, in accordance with global
estimates reported by Jaupart (2007). The thermal property values used
(Table 1) were determined through a combination of outcrop analyses,
hydrocarbon exploration well log interpretations, and laboratory ex-
periments reported in recent literature (e.g., Abate et al., 2014; Galgaro
et al., 2012; Gola et al., 2013; Di Sipio et al., 2013, 2014).

For each heat flux scenario, adjustments were made to the thermal
properties of each lithological layer. Five modelling scenarios were
defined as follows: a) $1: Minimum thermal property values proposed in
the literature with Moho heat flux set to 20, 40, and 60 mW/m?
(considering the minimum, maximum and average values proposed in
the literature - Jaupart, 2007); b) $2: Maximum thermal property values
with the same flux range; c) S3: Mean thermal property values for the
flux range; d) S4: Maximum thermal properties applied to the Mesozoic
Units only, with variable Moho heat flux; e) S5: Maximum thermal
properties applied to the Crystalline Units only, with variable Moho heat
flux. Radiogenic heat production was assumed constant for each unit,
using average values and considering its relatively minor influence on
the overall thermal regime. The geological heterogeneity of the Cala-
brian region results in substantial spatial variability in thermal proper-
ties, particularly thermal conductivity (as detailed in Table 1). Given the
lack of data indicating preferential heat-conduction directions at the
regional modelling scale, thermal conductivity was assumed isotropic.
Its potential variation with depth or temperature was also neglected.
Each lithological unit was assigned constant, effective thermal param-
eters based on the dominant rock types derived from previous geological
studies. This simplification reflects the inherent complexity of Calabrian
lithostratigraphy, which cannot be fully resolved at the regional scale.

5. Results and Discussions
5.1. Regional thermal state: crustal models (S1-S5)

The results of the thermal modelling (Fig. 4) are initially discussed,
considering different heat flux variations at the crust/mantle interface
(20, 40, and 60 mW/m?), while keeping depth and thermal setting
constant (S3 mean thermal conductivity values) (Figs. 5, 6, and 7). As
depicted in Figs. 5, 6 and 7, at constant depths (1000, 2000 and 3000 m
b.g.l., respectively), an increase in the thermal flux constrained at the
crust/mantle interface results in higher expected temperatures. The
primary thermal anomalies are recognized in the proximity of the
eastern sector, while the lowest temperatures are observed along the
Tyrrhenian side, up to the first 2000 metres of depth, and in the northern
area from 3000 metres onwards. This feature is interpreted as resulting
from the Moho morphology (Fig. 3e) (used as the lower boundary
condition) and the superimposed thermal blanketing effects of the thick
Paleogene-Quaternary deposits (Fig. 3b). The positive thermal anomaly
is located beneath the sedimentary basins along the Ionian coast,
whereas colder conditions are modelled in the Pollino carbonate massif
area across the northern domains. It is noted that these effects are no
longer visible at depths deeper than 10 km. At such depth levels, vari-
ations in the thermal field are smoother, primarily reflecting the to-
pology of this boundary (Fig. 3d). The different hypothesized thermal
settings (reported in session 4b) at constant depths (2000 m b.g.1.) and
heat flux (20 mW,/m?) show a consistent steady thermal trend, consis-
tent with the previously observed thermal anomalies. Maximum values
are found for minimum thermal values and vice versa. Settings 4 and 5,
which assign different thermal weights to the carbonate and crystalline
units, do not produce significant variations, except for the uniformity of
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Fig. 4. 3D Temperature section of the modelled area for setting 5, assuming a heat flux of 40 mW,/m? at the crust-mantle boundary.

Fig. 5. Temperature maps at 1 km depth below ground level (b.g.1.) for setting 3 (mean thermal conductivity values) assuming different heat flux values at (a) 20
mW/m?, (b) 40 mW/m? and (c) 60 mW/m? at the crust-mantle boundary (Moho). Coordinates are in EPSG:32633 — WGS84/UTM zone 33N.

thermal anomalies along the central sector of the CPO. The heat distri-
bution in the shallow crust is primarily controlled by the properties of
the low-conductivity sedimentary rocks at the top of the stratigraphic
succession. This blanketing effect is especially relevant beneath areas
covered by the thick succession of the Paleogene-Quaternary deposits of
the orogenic units (e.g. lonian Basins), located above a thickened highly
radiogenic crust. There, the temperature gradient is higher than in the
other domains of the region. On the other hand, high altitude domains (i.
e., the Sila, Aspromonte and Pollino Massifs) hold a more conductive
basement that facilitates efficient heat transfer, finally resulting in lower
shallow temperatures.

5.2. Calibration against shallow temperature measurements (1-4 km
below ground level)

All different models provide a coherent depiction of the crustal
thermal configuration in terms of its regional trends. However, varia-
tions in thermal rock properties result in local differences in the ob-
tained temperature magnitudes at shallow, sedimentary depths. The
regional scale of the model limits the resolution of details regarding local
lithostratigraphic variations mapped in the Calabrian sedimentary se-
quences. While these local structural features do not significantly affect
the first-order regional thermal configuration, they are likely to exert
control on a more local scale, such as the scale of direct temperature
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Fig. 6. Temperature maps at 2 km depth below ground level (b.g.1.) for setting 3 (mean thermal conductivity values), assuming different heat flux values at (a) 20
mW/m?, (b) 40 mW/m? and (c) 60 mW/m? at the crust-mantle boundary (Moho). Coordinates are in EPSG:32633 — WGS84/UTM zone 33N.

Fig. 7. Temperature maps at 3 km depth below ground level (b.g.1.) for setting 3 (mean thermal conductivity values), assuming different heat flux values at (a) 20
mW/mz, (b) 40 mW/m? and (c) 60 mW/m? at the crust-mantle boundary (Moho). Coordinates are in EPSG:32633 — WGS84/UTM zone 33N.

measurements. Model calibration is performed by comparing the
extrapolated data from each model against a dataset of measured tem-
peratures available from the Italian National Geothermal Database
(Cataldi et al., 1995; Trumpy and Manzella, 2017). The public dataset
for Calabria (and partially for Basilicata) comprises 254 temperature
data points from 45 wells drilled from the surface down to 4 km b.g.1.
[Measurements and bottom hole temperature were corrected using the
Squarci-Taffi empirical method (Della Vedova et al., 2001), where
temperatures are extrapolated with a homogeneous gradient] (Fig. 1).
This data-oriented calibration introduces an epistemic bias due to an
uneven distribution of available measurements and a lack of resolution
of local stratigraphy. The goal is to identify the set of properties within
the structural resolution of the input geological model that provides the
best fit to the available measurements, and to derive implications for the
shallow geothermal potential of the study area. To examine the local
thermal configuration, theoretical temperatures (calculated at different
depths with different thermal fluxes and settings) were compared with
temperatures measured in the well using binary graphs. Additionally,
the Root Mean Square Error (in°C) has been computed for each model as
a function of depth to assess the suitability of the results (Figs. 8, 9, and

10). The temperature derived from the Crustal Model with a heat flux of
60 mW/m? showed the lowest correlations with the measured temper-
atures, with a general overestimation (up to 100°C) of expected tem-
peratures. On the other hand, the models based on heat fluxes of 40
mW/m? (for S3 “mean values™) and 20 mW/m? (for all applied settings)
showed a perfect correlation, with errors often below 10°C. A common
feature across all sub-settings reported in Fig. 8 (heat flux of 20 mW/m?)
is that the modelled temperature area slightly underestimates the
measurements, with a maximum error of about 35°C at depths up to 4
km. The underestimation trend in the observations could be related to
the chosen boundary condition, which assumes a constant heat flux at
the base of the model. The imposed 20 mW/m? value has been treated as
an average across the entire lower boundary of the model, likely
providing a conservative estimate of the actual crustal heat flow beneath
specific domains. In these contexts, higher crustal heat flow would be
expected, leading to higher temperatures that better agree with the
measurements. Overall, the models based on 20 mW,/m? (Fig. 8) show
the best correlations, suggesting an average flux that does not deviate
considerably from the assumed values. An additional step that would
enable detailed assessment of any thermal anomalies involves studying
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Fig. 8. Temperatures modelled (black points) vs. measured (red points) for Crust/Moho thermal flow rates of 20 mW/m?. (a) setting 1 (min thermal conductivity
values); (b) setting 2 (max thermal conductivity values); (c) setting 3 (mean thermal conductivity values); (d) setting 4 (mean thermal conductivity values and max
values for the Mesozoic Units); (e) setting 5 (mean thermal conductivity values and max values for the Crystalline Units). The temperature comparisons are associated
with the graph showing the Root Mean Square Error expressed in (°C) for different depth ranges expressed in meters (1 = [0 - -1000]; 2 = [-1000 - -2000]; 3 = [-2000

- -3000]; 4 = [-3000 - -4000]).

the spatial variation of thermal fluxes at the Moho/crust interface.
Further evidence for the proposed model is provided by the works of
Apollaro et al. (2020) and Vespasiano et al. (2023), and references
therein, which use powerful geothermometric functions and geo-
thermometric modelling approaches applied to Calabrian geothermal
fluids to determine the relative temperatures of the main regional
geothermal systems. For depths between 1.5 and 2.5 km b.g.1., the au-
thors proposed reservoir temperatures between 50 and 90°C, which are
comparable to those predicted by the theoretical model.

5.3. Geodynamic considerations

The Calabria region occupies a key position within the central
Mediterranean geodynamic framework, representing a segment of the
Alpine-Apennine-Maghrebian orogenic system characterized by com-
plex lithospheric interactions. The arcuate structure of the Calabria-
Peloritani Orogen (CPO), shaped by Cenozoic convergence and
retreating subduction, results in a lithospheric architecture marked by
alternating crustal domains, inherited tectono-metamorphic units, and a
variable Moho depth. These geodynamic features exert a first-order
control on the regional thermal regime. The 3D thermal modelling

performed in this study captures the influence of major geodynamic
features such as the flexural geometry of the subducting slab and the
crustal thinning beneath the Ionian and Tyrrhenian domains. The model
results highlight lateral temperature variations driven by both litho-
logical heterogeneity and the morphology of the Moho, with elevated
temperatures localized beneath sediment-filled extensional basins along
the Ionian margin. This pattern reflects the combined effect of sedi-
mentary blanketing, reduced thermal conductivity in the upper crust,
and increased mantle-derived heat flow due to lithospheric thinning.
Furthermore, the tectonic segmentation between the northern
carbonate-dominated and southern crystalline domains, delineated by
crustal-scale structures such as the Catanzaro and Palmi Lines, is
mirrored in the modelled thermal field. These inherited tectonic dis-
continuities likely act not only as structural boundaries but also as po-
tential zones of enhanced permeability and fluid flow, which may locally
modify the heat transport regime through advective processes. In this
context, there is evidence of prevalent thermalism such as the Caronte
system in the northern portions of the Catanzaro Strait, the Crotonese
system (eastern sector of northern Calabria), the Cerchiara system
(northern Calabria in proximity of the Pollino tectonic system), the
Guardia Piemontese thermal system (Coastal Chain), Galatro and
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Fig. 9. Temperatures modelled (black points) vs. measured (red points) for Crust/Moho thermal flow rates of 40 mW,/m?. (a) setting 1 (min thermal conductivity
values); (b) setting 2 (max thermal conductivity values); (c) setting 3 (mean thermal conductivity values); (d) setting 4 (mean thermal conductivity values and max
values for the Mesozoic Units); (e) setting 5 (mean thermal conductivity values and max values for the Crystalline Units). The temperature comparisons are associated
with the graph showing the Root Mean Square Error expressed in (°C) for different depth ranges expressed in meters (1 = [0 - -1000]; 2 = [-1000 - -2000]; 3 = [-2000

- -3000]; 4 = [-3000 - -4000]).

Antonimina systems (western and eastern sectors, respectively of the
Serre massif in proximity of the Palmi and Nicotera tectonic systems).
For these systems, Apollaro et al., 2020 and Vespasiano et al., 2023
provided reservoir depth and temperature respectively of 1.5 km and 55
+ 6°C for the Caronte system, 1.8 km and 65°C for the Crotonese system,
1 km and 38°C for the Cerchiara system, 1.4 km and 60°C for the
Guardia Piemontese and 2 km and 69 + 15°C for the Galatro systems.
These temperature values are strongly consistent with the temperature
values derived from the theoretical model.

It should be emphasized that the proposed model has some limita-
tions, mainly related to the distribution of the available geological and
geophysical data. Specifically, while the eastern sector shows a good
areal distribution of deep wells used to validate the thermal model (e.g.,
VIDEPI and CROP projects (Scrocca, 2003) as reported in Fig. 1), the
Tyrrhenian sector is characterized by an extremely poor distribution of
deep boreholes and seismic profiles. The scarcity of data, especially in
offshore areas, weakly constrains the model results. Moreover, in the
Tyrrhenian sector, we did not consider the magmatic bodies associated
with the Aeolian arc and the localized thermal anomalies in the distal
areas of Capo Vaticano (De Ritis et al., 2010). These limitations make the
model for the onshore (continental) portions more tightly constrained
than for the deep Tyrrhenian portions.
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Furthermore, while the current steady-state conductive model pro-
vides a robust framework for assessing regional-scale geothermal gra-
dients, future work should explore transient and coupled thermal-
hydraulic simulations to account for the temporal evolution of heat
flow and the role of deep fluid circulation. Such approaches will be
critical for fully resolving the thermal signatures of geodynamically
active domains and for improving geothermal resource assessments in
structurally complex regions.

6. Conclusions

The methods presented in this research aim to precisely characterize
the thermal configuration of the Calabrian subsurface, thereby estab-
lishing a foundation for the potential exploitation of geothermal energy
in the region. Our multidisciplinary approach to the geothermal char-
acterization involved a two-stage process: a 3D geological reconstruc-
tion followed by thermal numerical simulations. By applying multiple
boundary conditions and accounting for heat input from below, we
successfully obtained the steady-state thermal field.

Our numerical simulations, conducted under varying thermal
boundary conditions, provide a robust and detailed depiction of the
regional thermal structure. The results show that temperature anomalies
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Fig. 10. Temperatures modelled (black points) vs. measured (red points) for Crust/Moho thermal flow rates of 60 mW/m?. (a) setting 1 (min thermal conductivity
values); (b) setting 2 (max thermal conductivity values); (c) setting 3 (mean thermal conductivity values); (d) setting 4 (mean thermal conductivity values and max
values for the Mesozoic Units); (e) setting 5 (mean thermal conductivity values and max values for the Crystalline Units). The temperature comparisons are associated
with the graph showing the Root Mean Square Error expressed in (°C) for different depth ranges expressed in meters (1 = [0 - -1000]; 2 = [-1000 - -2000]; 3 = [-2000

- -3000]; 4 = [-3000 - -4000]).

are strongly influenced by sedimentary blanketing, crustal architecture,
and variations in Moho depth. Model calibration, performed with 254
well-temperature data points, demonstrates good agreement under
average-to-conservative basal heat flux conditions. However, discrep-
ancies in shallow temperatures highlight the need to incorporate
advective processes into future simulations.

The findings identify widespread zones favourable for low-to-
medium enthalpy geothermal energy at depths of 1-3 km, particularly
within the sedimentary basins along the Ionian margin. While this
approach does not resolve deep high-enthalpy targets, it establishes a
valuable baseline for future investigations using transient and coupled
thermal-hydraulic models. While research into Calabria's geothermal
potential consistently identifies carbonate units as the principal reser-
voir, our model suggests that other formations within both the sedi-
mentary cover and the crystalline basement may also constitute
significant geothermal systems that warrant further detailed
investigation.

A notable observation is that the thermal conductivity values
assigned to the primary sedimentary rocks consistently overestimate
shallow temperature measurements, regardless of the applied lower
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boundary condition. This discrepancy points to the presence of addi-
tional, unmodeled processes - such as coupled heat and fluid transport -
underscoring the need for further research. Significantly, the entire re-
gion exhibits temperature conditions at shallow depths (1000-2000
meters) that are suitable for low-enthalpy geothermal energy exploita-
tion or direct heat utilization, such as with geothermal heat pumps.
Conversely, thermal conditions at depths exceeding 10 km appear to be
predominantly controlled by mantle heat flow and radiogenic heat
production within the crystalline basement rocks.

The advances presented here have the potential to significantly
improve the spatial resolution and accuracy of regional geothermal data,
which are currently limited. These findings are particularly relevant in
the context of the current social and political situation and the evolving
energy market dynamics, offering a pathway to accelerate the transition
toward more sustainable exploitation of subsurface heat as a renewable
energy resource. The next step will be to select high-interest pilot areas
and develop site-specific models that account for both the role of fluids
and the influence of tectonic structures on overall heat transport.
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