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A B S T R A C T   

Italy boasts a long history of hydrocarbon exploration. The Po Basin, in particular, has been extensively explored 
due to its peculiar geological setting, arising from the convergence of the Southern Alps and Northern Apennines. 
Because of this, substantial subsurface data have been collected and made publicly available. Today, data from 
past oil and gas exploration campaigns can find new life in decarbonization programs, especially for geothermal 
exploration. Geothermal data on the Po Basin, including bottom hole temperature (BHT) and drill stem test (DST) 
records, play a crucial role in understanding the thermal state of the subsurface, and can therefore be employed 
in the exploration of geothermal resources. This study presents a 3D model of the thermal regime in the Po Basin 
based on the analysis of legacy hydrocarbon wells. Geostatistical models of subsurface temperatures are pro
duced via direct sequential simulations that consider: (i) the overall geothermal gradient across the region, (ii) 
anisotropy in the temperature field revealed by variogram analysis, and (iii) temperature data in the surrounding 
geological volumes. A base-case model of expected temperature values and associated conditional variance are 
thus generated from which depth-to-the-isotherm maps were extracted for temperatures in the low-enthalpy 
range (<100 ◦C). The study confirms that promising thermal anomalies are mapped in the Ferrara Arc and 
the buried Southern Alps. These areas offer opportunities for new developments and the repurposing of depleted 
oil wells for district heating. Additionally, the findings highlight other areas in the Po Plain (e.g., Emilian Arc) 
where there exists more subtle geothermal potential for further exploration and development.   

1. Introduction 

Italy has a rich history of oil and gas exploration and production, 
dating back to at least 1943 with the discovery of many fields in the Po 
Basin by AGIP, now Eni. This basin is located in northern Italy, where 
about one-third of the Italian population lives (ca. 20 million people), 
and has been one of the most prolific of continental Europe. It is a 
geologically very complex region because it represents the foreland 
basin of two opposite verging orogens: the Southern Alps and the 
Northern Apennines (Casero et al., 1990; Casero, 2004; Castellarin, 
2001; Di Giulio et al., 2013; Toscani et al., 2014). The region experi
enced extension during the Mesozoic, leading to the formation of 
fault-bounded carbonate platforms and basins. Tectonic inversion took 
place since the Cenozoic in response to a compressive tectonic regime 
and it was followed by rapid uplift and extensive erosion of the sur
rounding orogenic belts during Oligo-Miocene time, and the deposition 

of a thick Plio-Pleistocene clastic sedimentary succession up to 7 km in 
thickness in the shared foreland (Livani et al., 2018; Amadori et al., 
2019, and references therein). The late Cenozoic foredeep infill conceals 
the outermost thrusts of both the Northern Apennines and Southern Alps 
(Turrini et al., 2014, 2016). In this tectono-sedimentary setting, several 
hydrocarbon provinces were discovered associated mainly with oil and 
thermogenic gas in Mesozoic carbonates, and with thermogenic and 
biogenic gas in the Oligo-Miocene and Plio-Pleistocene successions 
(Casero, 2004; Cazzini et al., 2015; Fantoni, 2017; Fantoni and Fran
ciosi, 2010). These discoveries were made mostly in the second half of 
the 20th century and encompassed some of the largest oil and gas fields 
of Northern Italy. During this time, a significant amount of subsurface 
data was obtained, consisting mainly of 2D seismic lines, wellbore logs, 
thermal data, and well cores. 

However, since 2007, hydrocarbon exploration initiatives in Italy 
have diminished, with new discoveries encountering challenges in 
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obtaining production approval. Consequently, the current oil and gas 
production in Italy predominantly relies on previously developed fields. 
As such, numerous wells have been abandoned, and others are 
approaching the end of their operational lifespan (Cazzini, 2018). 
Nonetheless, large amounts of subsurface data have been made publicly 
accessible, residing in databases such as those of the ViDEPI and Geo
thopica projects (Trumpy and Manzella, 2017). In this dataset, thermal 
data including Bottom Hole Temperature (BHT) and Drill Stem Test 
(DST) records, plays a pivotal role in comprehending the thermal state of 
the entire Po Basin. This understanding can be employed for the 
exploration of geothermal reservoirs and the creation of 3D geological 
models that integrate structural, stratigraphic, and temperature infor
mation (Sbrana et al., 2018). Therefore, it can ultimately assist both 
public institutions and private companies in actively seeking new 
sources of renewable energy. 

In Europe, geothermal energy capacity doubled in the period 
2010–2020 and is expected to grow even further over the next ten years 
according to the 2021 market report of the European Geothermal Energy 
Council (EGEC, 2021). The adoption of the UN Sustainable Development 
Goals by all United Nations member states in 2015 is driving a shift in 
the global energy mix towards greener, more reliable, and 
non-intermittent sources. The use of geothermal energy has some ad
vantages over other renewables, like solar and wind, because of its 
ubiquity and capacity to provide a steady baseload. There are estimates 
that geothermal energy in Europe will cover 4–7% of total power gen
eration (electricity and thermal) by 2050, with a potential increase of 
the European geothermal capital market of up to 210 million USD per 
year by the middle of the century (Dalla Longa et al., 2020). Notably, 
low- to medium-enthalpy geothermal energy is a readily accessible 
resource for heating and cooling domestic and industrial buildings. As of 
2022, Italy is the fourth country in Europe by number of installed 
geothermal plants, in development, or planned; however, in Italy the 
addition in capacity over the 2010–2020 period has been modest, ac
cording to the EGEC report. For 2021, the total amount of thermal en
ergy generated by geothermal plants was 5.885 TJ, corresponding to 
almost 140 ktoe (kilotonnes of oil equivalent). At present, global 
geothermal direct use is 58.8% for geothermal heat pumps, 18% for 
bathing and swimming, 16% for space heating, 3.5% for greenhouse 
heating, and 1.6% for industrial applications, with the rest for other 
applications; total energy use equals 283,580 GWh/yr (Lund and Toth, 
2021). In Italy, geothermal direct use for the year 2021 reached 5.885 
TJ, 41% of which was used for bathing and swimming, 21% for aqua
culture, 15% for space heating (e.g., district heating), 11% for agricul
ture, 9% for individual heating, and 1% for industrial use (GSE, 2020). 
However, geothermal heat production only contributes to 2.1% of the 
total thermal production by renewable energy sources, and 
district-heating systems are the only application in Italy that is currently 
expanding at a sustained rate, of about 30% in terms of capacity and 8% 
in terms of energy used (Bargiacchi et al., 2021). Capitalizing on the 
substantial advantage of existing facilities, some of which are still in 
production, harnessing geothermal potential through the repurposing of 
decommissioned oil and gas wells emerges as a significant opportunity 
for decarbonization. 

This work aims to showcase an analytical and modeling framework 
that provides a direct insight into potential thermal anomalies, thereby 
offering guidance for further exploration of geothermal resources in the 
Po Plain region. This is achieved by: (i) meticulously correcting all 
available BHT data within the Po Plain region, (ii) integrating the BHT 
dataset with all available DST data, and (iii) employing a geostatistical 
approach to build a comprehensive 3D thermal model of the entire Po 
Plain that accounts for the computed geothermal gradients, temperature 
data and anisotropy in the temperature field, and which incorporates a 
measure of uncertainty. From this model, we derived depth-to-the- 
isotherm maps, delineating the depths at which isotherms of 40 ◦C, 
60 ◦C, 80 ◦C, and 100 ◦C are expected to occur. 

2. Geological framework 

The Po Plain is a wide alluvial valley located in Northern Italy, 
covering more than 40,000 km2 and limited by the Alps to the west and 
the north, by the Northern Apennines to the south, and by the Adriatic 
Sea to the east (Fig. 1). 

From a structural and geodynamic point of view, the Po Plain is 
located between two fold-thrust belts sharing a common foreland 
constituted by a portion of the Adria microplate (among others Amadori 
et al., 2023; Carminati and Doglioni, 2012; Dercourt et al., 1986; 
Toscani et al., 2014). The progressive tectonic propagation of the 
Southern Alps and Northern Apennines took place on a foreland affected 
by structures inherited from Mesozoic extensional tectonics and mainly 
oriented at a high angle with respect to the advancing tectonic fronts, 
NNW-SSE (Fantoni et al., 2004; Livani et al., 2018; Ravaglia et al., 2006; 
Scardia et al., 2015; Turrini et al., 2016). The two thrust-and-fold belts 
had different histories of tectonic activity, meaning that the Po Basin 
was affected by Alpine compressional tectonic events since the 
mid-Eocene and by Apenninic compression since the lower Miocene 
(Carminati and Doglioni, 2012; Maesano et al., 2015; Turrini et al., 
2016; Livani et al., 2018). 

In the northern and central parts of the Po Plain, the south-verging 
buried thrust fronts of the Southern Alps (SA), partly outcropping 
along the foothill zone, are present. To the south, the Pedeapenninic 
Thrust Front separates the outcropping Northern Apennines from the 
buried N-NE verging compressional structures. These buried thrusts are 
organized in three different structural arcs, the Ferrara Arc (FA), the 
Emilia Arc (EA), and the Monferrato Arc, whose geometry and rates of 
activity controlled the deposition and the architecture of the Plio- 
Pleistocene syntectonic successions of the Po Basin (onshore) and the 
Adriatic Sea (offshore) (Amadori et al., 2020; Ghielmi et al., 2010; 
Maesano et al., 2015, 2024; Panara et al., 2021 and references therein). 

To date, the Plio-Pleistocene subsurface stratigraphy of the Po Basin, 
along with its eastward continuation in the Northern Adriatic Basin, has 
been characterized in some detail based on well-log correlations inte
grated with 2D seismic interpretation, mostly using confidential data 
owned by ENI. The stratigraphic framework consists of siliciclastic units 
bounded by regional-scale unconformities and correlative conformities 
of different orders. The sedimentary sequences and related un
conformities bounding them are produced by the interplay of the 
Northern Apennines fold-thrust belt compressional tectonics, which led 
to the creation of new foredeep depocenters and the deformation of 
previous ones, with Plio-Pleistocene climate-driven sea-level changes 
(Ghielmi et al., 2010, 2013; Amadori et al., 2019). These boundaries can 
be recognized in wells and seismic reflection profiles based on abrupt 
facies changes, showing that the Apennine orogenesis and climate 
strongly influenced sedimentation rates by controlling the elevation of 
basin margins, erosional conditions, the extension of the drainage areas, 
and the shape and depth of deep-water depocenters. Since the end of the 
Messinian Salinity Crisis (Rossi et al., 2015; Amadori et al., 2018a, 
2018b) and throughout the Pliocene, a deep narrow, and cylindric 
foredeep evolved parallel to the northern Apennine orogen, allowing the 
deposition of fine-grained turbidites. By contrast, on the northeastern 
side of the foreland (the Northern Adriatic-Venetian area), 
coarse-grained southward-prograding alluvial systems developed (Ste
fani, 2002; Stefani et al., 2007; Tosi et al., 2015; Toscani et al., 2016; 
Mancin et al., 2016; Amadori et al., 2020). 

The Pleistocene was instead characterized by a stepwise evolution 
related to the last and intense phase of Apennine migration, which 
caused the separation of the cylindric Pliocene foredeep in two deep 
depocenters. A km-deep piggyback basin evolved behind the Ferrara arc, 
which was completely infilled during the middle-late Pleistocene when 
the paleo-Po River sediment wedge initiated eastward progradation. 
This period corresponds to an important change in the history of infill of 
the Po Basin, marked by a shift from marine to continental sedimenta
tion, which was in part associated with the onset of the major Alpine 
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glaciation (at ca. 0.9 Ma according to Muttoni and Rogledi, 2003). 
Deposition of this middle-late Pleistocene continental, dominantly 
fluvial, succession resulted in the compensation of previously articu
lated morphologies, by overfilling the available accommodation space 
onshore and forcing the progradation of the active depositional systems 
towards the northern Adriatic Sea. 

3. Dataset and methodology 

3.1. Wells 

In this work, the main data source was the Geothopica project 
website (Trumpy and Manzella, 2017; https://geothopica.igg.cnr.it/), a 
publicly available database containing thermal data that was originally 
part of the National Geothermal Database created in 1993 by the In
ternational Institute for Geothermal Research in Italy. The database was 
later revised and digitized by the CNR Institute of Geosciences and Earth 
Resources of Italy with the support of ENI, and eventually rendered 

Fig. 1. Structural setting of the Po Plain subsurface in northern Italy. Faults are color-coded according to the age of the units involved in the deformation (adapted 
after Scardia et al., 2015; Turrini et al., 2016; Ghielmi et al., 2013). Sections A-A′ to C–C′refer to geologic sections adapted and modified from Fantoni and Franciosi 
(2010) and referred to later in this work. FA: Ferrara Arc, EA: Emilia Arc, SA: Southern Alps buried thrusts, MA: Monferrato Arc. 

Fig. 2. (A) Location of wells with thermal data used in this research, color-coded according to the age of the deepest units drilled by the borehole. The numbers in 
brackets indicate the number of wells with a bottom hole reaching each unit. (B) Simplified stratigraphic scheme of the Po Plain subsurface; modified from Fantoni 
and Franciosi (2010). 
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available as an online open-access tool. The Geothopica dataset was 
integrated with data coming from the ViDEPI project database 
(https://videpi.com), created by the Italian Geological Society as a tool 
for making documents on Italian oil exploration publicly accessible; the 
data include Formation Evaluation Logs and Final Well Logs with co
ordinates, and the stratigraphy obtained from mudlogging. 

We selected the wells with temperature data in the Italian regions of 
Piemonte, Lombardia, Emilia Romagna, and Veneto, accounting for a 
total of 743 wells. From those, a total of 1647 bottom hole temperature 
(BHT) and 84 drill stem test (DST) records with direct temperature 
measurements were obtained. The stratigraphic data were analyzed to 
differentiate the units reached by each well, e.g., the Plio-Pleistocene, 
Oligo-Miocene, and Carbonate units (Eocene-Cretaceous) (Fig. 2). 

3.2. Temperature calculation 

It is a standard procedure while working with thermal data from 
boreholes to perform corrections to the measurements taken using the 
Bottom-Hole Temperature (BHT) method, because of the nature of the 
measurement process, which involves obtaining readings at the bottom 
of the drill hole after the perforation. This procedure induces a modifi
cation to the formation temperature due to the cooling effect caused by 
the perforation mud. Several methods have been proposed to correct 
BHT data, but the most used is the one proposed by Horner (1951), 
which considers the dimensions of the borehole, parameters from the 
perforation, and the physical properties of the drilling mud. A general 
equation for temperature correction in the Po Plain as a function of 
depth, using the Hornet method, was proposed by Pasquale et al. (2008). 
To perform this correction, it is necessary to know: (i) the shut-in time, 
that is, the time elapsed between the end of mud circulation and the 
temperature measurement, and (ii) the time the mud has been circu
lating inside the well. The equation used to correct the BHT data is as 
follows: 

T=BHT +
(
az − bz2) ln

(

1+
Tc

Te

)

(1)  

where T is the corrected temperature formation, BHT is the temperature 
measured at the bottom of the hole, z is the depth of the measurement, Tc 
is the mud circulating time and Te is the shut-in time. Different values 
are recommended for coefficients a and b for the Pedealpine area and the 
Apennine area overlying buried thrusts, with values of a = 18.9, b = 2.7 
and a = 16.0, b = 2.1, respectively (Pasquale et al., 2008). Pasquale et al. 
(2008) also stated that improved accuracy can be achieved by increasing 
the equation results by 2 ◦C when Te < 10 h. The analyzed database 
provided an extensive amount of data on circulation times, but values 
were missing for some of the wells. In these cases, the Tc was calculated 
using equation (2), proposed by Pasquale et al. (2008). 

Tc =1.7 + 0.05z + 0.10z2 (2) 

These corrections were applied to each well in the database, selecting 
the longest shut-in time where two different measurements were taken 
at the same depth. The DST data were obtained from several oil fields, 
where hydrocarbons were in production, and the reservoir fluid tem
perature is assumed to be in equilibrium with the temperature of the 
surrounding formations. 

Although there is uncertainty in the calculated temperatures, the 
extensive horizontal and vertical coverage of the database helps mitigate 
the bias in estimations of average thermal gradients (Deming, 1994). 

3.3. 3D geocellular model of the subsurface temperature field 

A three-dimensional model of the subsurface temperature field in the 
Po Basin has been constructed based on the integration of: (i) the overall 
geothermal gradient across the region, (ii) anisotropy in the temperature 
field revealed by variogram analysis of the corrected borehole 

temperature data, and (iii) temperature data in the surrounding 
geological volumes treated as hard data for model conditioning. The 
model has been built via geostatistical simulations of the temperature 
values, which produced fifty equiprobable realizations of the subsurface 
temperature field, thereby enabling extraction of a base-case 3D model 
as well as a measure of variability-related uncertainty. 

The average geothermal gradient across the region can be described 
by a linear relationship relating corrected temperature values to depth 
(Fig. 3) This trend has been employed as a soft constraint in the geo
statistical model to force the expected non-stationarity in the tempera
ture field. Anisotropy in subsurface temperatures has been characterized 
by the computation of an experimental variogram, which exhibits a 
larger range for the foreland-parallel direction (i.e., approximately E-W) 
as opposed to the cross-foreland direction; as expected given the scale of 
investigation and geothermal gradient, a variogram sill cannot be 
identified for the vertical direction. An anisotropic variogram model has 
therefore been employed for geostatistical modeling (range values of 18 
km and 14 km, for E-W and N–S directions, respectively). Fifty equi
probable realizations of the temperature field have been generated via 
3D geostatistical simulations performed over a Cartesian geocellular 
grid with a horizontal resolution of 1 km and vertical resolution of 10 m. 
The direct sequential simulation method has been applied, which allows 
the specification of a uniform (i.e., box-shaped) temperature distribu
tion (Caers, 2000): the DSSIM algorithm in the SGeMS software platform 

Fig. 3. Scatterplot of temperature versus depth including original BHT data, 
corrected BHT data, and DST data. The dotted red line shows the least-square 
regression curve for the uncorrected data while the gray line shows the 
regression based on the corrected values. Note that most of the DST values 
occur along the regression curve for the corrected BHT data. In the regression 
equations, T stands for Temperature (◦C) and d stands for Depth (m). 
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has been used (Remy et al., 2009). Through direct sequential simula
tions, temperature values are assigned to each cell stochastically by 
considering (i) conditioning data consisting of all corrected temperature 
readings contained in an ellipsoidal search neighborhood of 20 km × 20 
km (horizontally) x 5 km (vertically); (ii) the linear trend describing the 
regional average geothermal gradient, integrated into the simulation via 
kriging with a locally varying mean; (iii) the aforementioned variogram 
model. 

The resulting fifty realizations have been synthesized by computing a 
conditional expectation estimate of the temperature field by averaging 
all simulation outputs; the associated conditional variance is also ob
tained as a measure of uncertainty in the simulated outputs. This was 
done using the simulation postprocessing utility in SGeMS (Remy et al., 
2009). In a model of this type, areas of the model that are located further 
away from conditioning data (boreholes) tend to be characterized by 
geothermal gradients that are more likely to approximate a simple linear 

Fig. 4. Borehole temperature data showing relationships between geothermal gradient and broadly defined lithological units. Black horizontal line indicates the top 
of the carbonates, indicating the boundary between the clastic units (Oligocene to Pleistocene) and the carbonate units (Eocene-Cretaceous). Note the variation of 
gradient between units. Villafortuna 1 and Seregna 3 belong to the Southern Alps zone, Lacchiarella 2 to the Emilian Arc (Northern Apennines) and Casaglia 1 to 
Ferrara Arc (Northern Apennines). 
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trend; however, these same areas are also characterized by higher un
certainty (conditional variance). 

4. Results 

The geothermal gradient calculations performed using all the ther
mal data compiled and corrected for the Po Basin yield an average 
regional value of 21.2 ◦C/km; a gradient of 19.8 ◦C/km can instead be 
derived from the uncorrected data. The majority of the DST data falls 
along the regression line of the corrected thermal data, highlighting the 
accuracy of the method used for correction (Fig. 3). It should be noted 
however that the gradient shows a non-linear pattern in some of the 
deeper boreholes. To better understand this gradient variation with 
depth, a more detailed analysis was carried out in wells with a larger 
record of thermal data along their profile, distributed along the three 
different arcs, such as wells Casaglia 1 (FA), Villafortuna 1 (SA), Seregna 
1 (SA) and Lacchiarella 2 (EA). The Casaglia 1 well displays a regression 
in the geothermal gradient, with a gradient of 78.2 ◦C/km in the Oligo- 
Miocene units and a gradient of 14.5 ◦C/km in the Carbonate units. The 

same regression of the gradient occurs in the Villafortuna 1 well, 
although with a smaller difference between the clastic and carbonate 
units (Fig. 4) The Lacchiarella 2 and Seregna 3 wells display an increase 
in the geothermal gradient where they penetrate the carbonates, with a 
gradient of 23.9 ◦C/km and 24.3 ◦C/km respectively in the clastic units, 
and an increased gradient of 28.5 ◦C/km and 32.1 ◦C/km, respectively, 
in the carbonate units. These variations in geothermal gradient are 
associated with the occurrence of positive anomalies, which appear to be 
related to carbonate tops located at shallower depths. The regional 
average geothermal gradient based on corrected temperature readings 
was used to impose a general trend in the geostatistical model; 
notwithstanding, the conditioning temperature data give rise to local 
variations in the geothermal gradient, enabling the prediction of tem
perature inversions and anomalies. 

Maps of the depth to specified isotherms (Fig. 5) can be extracted 
from the geocellular grid of the expected values of temperature obtained 
by averaging the geostatistical simulations. The depths reported in these 
maps are based on a 3D temperature model (Fig. 6), and therefore 
consider temperature data in 3D, including data that may be associated 

Fig. 5. Depth-to-the-isotherm maps for 40 ◦C (A), 60 ◦C (B), 80 ◦C (D), and 100 ◦C (D). For A, B, C, D, the asterisk denotes the depth at which the temperature is 
expected based on the regional geothermal gradient alone. A(i), B(i), C(i), D(i), display a close-up in the major anomalies found in Southern Alps. A (ii), B(ii), C(ii), D 
(ii), display a close-up in the anomalies found in the Ferrara Arc (Northern Apennines). These surfaces are not merely obtained through interpolation of observations: 
they are extracted from a 3D grid of the conditional expectation estimates of the temperature field simulated geostatistically. 
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with wells that do not penetrate to depths at which the particular tem
perature of interest is observed. The 3D model integrates (i) the regional 
geothermal gradient, employed as a base trend, (ii) variogram analysis 
of the well data, which captures anisotropy in the temperature field 
arising from geological controls (primarily, trend of thrust faults and 
orientation of related anticlines), and (iii) the corrected temperature 
data, which reflect local hydrogeological control on geothermal 
plumbing systems (e.g., presence of faults acting as flow conduits). In 
this regard, these maps differ fundamentally from analogous maps that 
are merely obtained via 2D interpolation across wells. These maps can 
be employed to predict the likely depths at which it is possible to find 
certain temperatures at any given point in the Po Plain. In these maps, 
for instance, it is possible to identify the positive thermal anomaly 
associated with the Ferrara Arc, in correspondence of which a 100 ◦C 
isotherm can be found at depths as shallow as 1.7 km (Figs. 5 and 6). 
Other positive thermal anomalies can be found in association with the 
Southern Alps thrusts, with the shallowest depth for the 100 ◦C at about 
3 km. Other local, deeper anomalies can be identified to the west of the 
Emilia Arc and to the north-east in the Venetian Plain. 

To demonstrate how the produced geothermal model can assist 
characterization of geothermal resources in the shallower sedimentary 
units, where low-enthalpy geothermal solutions are more suitable, we 
have evaluated the temperature distribution along the base of the 
Pliocene. The expected temperature distribution at each point on the 
base of the Pliocene was obtained by intersecting the 3D temperature 
model with the surface (Fig. 7). These outputs enable analysis of tem
perature values predicted on horizons of interest, as well as their de
viations relative to values expected based on the regional geothermal 
gradient, both in vertical profiles and in planform (Figs. 7 and 8). 

The geocellular model of subsurface temperature also allows 
improved investigation of potential relationships between geological 
structures and thermal anomalies. To show this, regional geological 
cross sections (adapted from Fantoni and Franciosi, 2010) were pro
jected on sections of the thermal model (Fig. 9). Such a model also 
permits 3D mapping of the temperature field in geological volumes 
surrounding wells that show a local inversion in the geothermal 

gradient, which, especially within the shallow subsurface (hundreds m 
depth), may be associated with hydrogeological controls. 

Section A-A’ (Fig. 9) shows a NW-SE transect between the SA (Vil
lafortuna 1 well) and the EA (S. Cristina Bissone 1 and Turro 3 wells) 
crossing an inversion structure (Lacchiarella 2 well) below the depo
center of the EA, to the west. In this transect, a local thermal anomaly is 
shown that is associated with the structural high from the VillaFortuna- 
Trecate oil field to the NW. A lower-grade thermal anomaly can be found 
associated with the inversion structure of the Lacchiarella field. In 
general, limited temperature variability is observed along the EA, even 
though the section crosses the structural highs of the San Colombano 
and Stradella anticlines, drilled by the S. Cristina Bissone well and Turro 
well, respectively. 

Section B–B’ (Fig. 9) intersects the main structures of the SA, such as 
the Seregna, Malossa and Cigole structures. Here, the main detachment 
is located in the Oligo-Miocene units, but some thrusts are connected 
with deeper thrusts cutting upwards through carbonate units. Thermal 
anomalies are located above the main structures and associated with the 
tip of the main thrusts. No significant deviation is observed for the 
isotherms around the well Soncino 1, where the top of carbonate units 
reaches depths of more than 7 km. The well Varedo 1 shows an inversion 
in the thermal regime at very shallow depths, possibly associated with 
local hydrogeological controls. 

Section C–C’ (Fig. 9), located in the proximity of the Ferrara Arc, 
shows the largest thrust displacement, which has brought the carbonates 
to maximum depths of less than 1 km in the outer arcs. In this context, 
more widespread thermal anomalies can be found located right above 
the structural highs presenting carbonates at their cores, as shown in the 
well Casaglia 1. The well Baricella 1 displays a subordinate anomaly 
associated with Oligo-Miocene thrusts with detachments located in 
carbonate units at higher depths; hydrothermal fluids might have 
migrated via those faults into the anticlines. 

5. Discussion 

Previous approaches to the characterization of temperature 

Fig. 6. Tridimensional geocellular thermal model showing the conditional expectation estimates of the temperature field in the basin, conditioned on BHT and DST 
data obtained from the oil and gas wells. Black frames indicate principal anomalies and their regional extension, as well as other minor anomalies. Positive anomalies 
in 1-1′ through the Ferrara Arc and in 2-2′ associated with the Southern Alps buried thrusts. Both anomalies are also seen in section 3-3’. Note the ×5 vertical 
exaggeration on the sections, which renders thermal anomalies with a peak-like geometry when in reality, these anomalies could be wider than 10 km with a more 
elongated geometry. 
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variations in the Po Basin were focused on establishing the temperatures 
reached over 0.5 km–3 km depths (Cataldi et al., 1995; Bertani and 
Magrini, 2000; Trumpy and Manzella, 2017). Other approaches to 
creating depth to the isotherm maps have been carried out for local 
studies in the Ferrara Arc, around the cities of Ferrara and Mantova 
(ISPRA, 2015; Torri et al., 2015). For the first time, a comprehensive 
correction of all available borehole thermal data has been undertaken. 
Corrected temperature data and results of their analysis (variography, 
regional geothermal gradient) have been employed in a geostatistical 
framework to produce a tridimensional geocellular model of the tem
perature field in the basin. From this model, the depth of specified iso
therms can be extracted at any point, to aid geothermal exploration by 
better delineating basin-wide variations in prospectivity. By com
pounding results from multiple possible realizations of the temperature 
field, the expected temperature distribution along specified geological 
features (e.g., along the base of the Pliocene; Figs. 7–8) can be coupled 
with a measure of the uncertainty in the predicted temperature. The 
predicted temperatures (cf. Fig. 8) exhibit significant local deviations 
from the average geothermal gradient, highlighting anomalies that must 
be explained by geological controls. This model portrays the well-known 
thermal anomaly of Ferrara (Pasquale et al., 2013; Rapti and Caputo, 
2021), providing a full 3D characterization of the magnitude of the 
anomaly (ca. 10 km wide); yet, the model also demonstrates the exis
tence of other positive anomalies in the area, close to the city of Modena 
and east of Ferrara, with temperature values above the FA that are 
considerably higher at shallower depths compared to any other loca
tions. The model also predicts lower-grade positive anomalies in the SA 
domain, north and west of Milan. Conversely, the main thrust system of 

the EA is characterized by a geothermal gradient that is comparable with 
the regional average and by a lack of notable anomalies associated with 
geological structures, except for a minor anomaly north of Pavia (Fig. 5). 
To better understand the mechanisms controlling these anomalies and 
their magnitudes, it is necessary to compare the characteristics of the 
temperature field with geological features and the geological evolution 
of each sector of the basin (Figs. 7 and 9). From this comparison, it is 
possible to note that the SA buried thrusts exhibit a detachment mainly 
in the Oligo-Miocene units; however, some thrusts are connected with 
deeper faults cutting upwards from the basement and involving the 
carbonate units. In the FA area, the detachments involve the basement 
and extend structurally into the Pleistocene; yet, they also involve car
bonate units at the core of the anticlines, displacing them at depths as 
shallow as 0.5 km in the frontal thrusts. The EA, on the other hand, is 
characterized by a thick succession of Plio-Pleistocene units above an 
even thicker Oligo-Miocene stratigraphy overlying deeply seated car
bonate units, located at depths of about 6–7 km; however, in its asso
ciated western depocenter, a thinner sequence of Oligo-Miocene units 
can be found due to a structural high with raised carbonate units dis
placed by inversion of previously normal faults, which controlled the 
evolution and geometry of the arc (Livani et al., 2018). Outside of the 
arcs, the main depocenters tend to have a geothermal gradient lower 
than the average, yielding temperatures of around 50–60 ◦C at 3 km 
depth. These values, below the temperatures expected on the basis of the 
average geothermal gradient, are probably due to the thermal properties 
of the thick sedimentary succession and the absence of tectonic 
structures. 

Previous studies (Cataldi et al., 1995; Pasquale et al., 2013; Rapti and 

Fig. 7. (A) Expected temperature values at the base of the Pliocene, constructed by intersecting the stratigraphic surface with the 3D geocellular model of the 
temperature field. (B) Conditional variance in simulated temperature values on the base of the Pliocene. 
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Caputo, 2021) have suggested that there is evidence for thermal con
vection within the carbonate units associated with the FA, in the eastern 
Po Plain. This condition can determine a lower-than-average geothermal 
gradient in the carbonate units, while simultaneously increasing the 
geothermal gradient in the units above, mostly in the Oligo-Miocene and 
Plio-Pleistocene. This inference is supported by geothermal gradient 
variations found by the wells drilled to the depth of the carbonates in the 
eastern Po Plain (Fig. 4). This mechanism would explain the highest 
temperatures found in the FA area, since this is the arc with the largest 
thrust displacement, as shown in the well Casaglia 1. 

Despite the lack of carbonate-cored anticlines at shallow depths in 
the SA, positive temperature anomalies can be outlined in this area. 
These anomalies might reflect heat ascent by advection and conduction 
from hot aquifers hosted in deep carbonate units to the overlying Oligo- 
Miocene and Plio-Pleistocene terrigenous units, which would be facili
tated by fluid migration through faults and fractures, as noted by the 
anomalies found around the wells Seregna 3 and Villafortuna 1. Notably, 
the well Seregna 3 shows an increase in geothermal gradient along the 
section penetrating the carbonate units; instead, the Villafortuna 1 well 
shows a gradient inversion of smaller magnitude than the one seen in the 
Casaglia 1 well. This inversion of the gradient could be an indication of 
convective flow in the aquifer hosted in the carbonates of the 

Villafortuna structure, in opposition to the proposed mechanism for the 
rest of the anomalies found in the SA. For both the Villafortuna and the 
Ferrara structures, the anomalies tend to be localized around the hinge 
of the anticlines. In some cases, this geometry may reflect a local control 
by the presence, over certain depths, of fracture corridors aligned along 
the hinge of the structure, which would facilitate the convection of hot 
fluids through extensive fracture networks. Fractures play an important 
geological role in controlling the migration, distribution and accumu
lation of fluids in hydrothermal systems (Questiaux et al., 2010; Jolie 
et al., 2021; Fadel et al., 2023). Additionally, the amplitude of thermal 
anomalies may be partly determined by the dip of faults, with reverse 
faults being associated with the widest lateral amplitudes of anomalies 
distributed along anticline hinges (Frottier et al., 2023). 

The well Lacchiarella 2, to the west of the EA also displays an in
crease in the geothermal gradient along its section through the car
bonate units, displaying a local thermal anomaly. This could be 
explained by the inversion structure mentioned above, which displaces 
the carbonate units bringing their top at depths of ca. 3 km below a very 
thinned Oligo-Miocene succession, instead of more than ca. 6 km depth 
top of carbonates as found in the main EA. 

To harness the thermal anomaly of the FA, a geothermal plant in 
Ferrara has been operating since the 1990s, after repurposing the 
Casaglia 1 well. This borehole was first drilled as an exploratory oil well 
by Agip (now ENI); even though it was proved dry for hydrocarbons, it 
led to the discovery of a large geothermal field with water as hot as 
100 ◦C at about 1000 m. Water is extracted at rates varying from 400 
m3/h to 200 m3/h in winter and summer, respectively. The plant 
operates as a district-heating system for the municipality of Ferrara and 
meets all heat demands of the network during the warm season and most 
of the heat demand for the cold season. The thermal energy supplied to 
the network from the geothermal plant accounts for 61.6 GWh and the 
production temperature of 100 ◦C has remained stable after more than 
30 years of exploitation (Manente et al., 2019). This plant is a 
district-heating geothermal facility for the direct use of a 
medium-enthalpy geothermal resource. Our model predicts that further 
exploration of similar geothermal fields could be carried out in the FA 
using the spatial distribution of the thermal anomaly illustrated in the 
proposed depth-to-the-isotherm maps, especially in the frontal thrusts 
where the carbonate units have been displaced at shallow depths. 

The exploitation of geothermal resources has proven attractive also 
outside the FA sector, especially in the SA area. The Rodigo 1 well, near 
Mantua, is located in one of the areas where the evaluated isotherms 
tend to be relatively depressed, right in the center of the study area 
(Fig. 5). This borehole was drilled in the 1970s by Agip (now ENI) for 
scopes of oil and gas exploration; although it was proven dry, it enabled 
the discovery of a geothermal reservoir providing water at a rate of 80 
m3/h at 59 ◦C at a depth below 3000 m. In a joint project involving the 
University of Milan, Agip (now ENI), and the Mantua district, a plant for 
using geothermal waters to provide heat for greenhouses and aquacul
tures was built. The complex has an area of 21,000 m2 with greenhouses 
for horticulture and floriculture, drying facilities, and aquaculture tanks, 
all heated by using the heat of the geothermal reservoir (Facchini et al., 
1993). The geothermal complex of Rodigo is another example of the 
successful use of wells originally drilled for oil and gas and converted to 
low-enthalpy geothermal wells, producing heat for direct use in agri
cultural and industrial processes. More recently, several studies have 
been undertaken (Soldo et al., 2020; Gizzi et al., 2021) to evaluate the 
conversion of decommissioned oil wells into geothermal wells, specif
ically in the Villafortuna-Trecate field in the north-western Po-Plain; in 
particular, it has been proposed that these wells are repurposed for 
closed-loop circuits for district heating. 

Even if drilling deeper than 3000 m might prove uneconomical, as is 
the case in the main Emilian Arc, the advances in technologies for direct- 
heat utilization have improved to the point that the minimum produc
tion temperature viable for greenhouse heating may be as low as 40 ◦C 
(Ultra-Low Temperature District Heating or ULTDH); for district heating 

Fig. 8. (A) Violin plots describing the distributions (as kernel density estima
tion) of depths at which selected isotherms (40, 60, 80 and 100 ◦C) are 
encountered in the geocellular grid of expected temperature values. (B) Cross- 
plot illustrating the relationship between expected temperature values and 
depth for grid cells that contain the base of the Pliocene; dots are color-coded 
according to the conditional variance in simulated temperature values. 
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Fig. 9. Cross-sections illustrating relationships between the conditional expectation estimates of the temperature field and surfaces representing both geological 
structures and stratigraphic boundaries (based on Fantoni and Franciosi, 2010); see Fig. 1 for the location of the sections. Stratigraphic units: PS= Pleistocene units, 
PL= Pliocene units, O-M= Oligo-Miocene units, C= Carbonate units (Eocene-Cretaceous). Vertical exaggeration ×5. 
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and cooling, instead, suitable conditions might envisage production 
temperatures as low as 60 ◦C (Low-Temperature District Heating or 
LTDH) with an average surface temperature of 10–15 ◦C (Limberger 
et al., 2018; Pomianowski et al., 2020). Large-scale programs of district 
heating or domestic heating and cooling can also be implemented using 
ground-source heat pumps at shallower levels with temperatures lower 
than 40 ◦C (Mustafa Omer, 2008); this may be particularly applicable to 
areas like the EA, where important thermal anomalies are not predicted. 

6. Conclusions 

The Po Plain lies on a complex sedimentary basin placed on the 
shared foreland of two mountain ranges, the Southern Alps and the 
Northern Apennines, and characterized by thrusts verging in opposite 
directions buried by a thick Plio-Pleistocene clastic succession. This 
configuration has given rise to multiple structural and stratigraphic 
hydrocarbon traps that have been explored and exploited since the 
1940s. However, the maturity of these fields and a policy shift in favor of 
renewable energy sources have spurred investment in the exploration of 
geothermal energy. Thanks to decades of oil and gas exploration and 
production in the area, there exists a vast database of wells with thermal 
and stratigraphical data. These data, obtained from 743 wells, have been 
analyzed to produce the first tridimensional geostatistical model of ex
pected temperatures in the Po Plain subsurface at a basin scale. 
Consideration of the structural and stratigraphic framework allowed us 
to confirm that certain positive thermal anomalies are associated with 
structural highs and that the higher temperatures in the Pliocene sedi
mentary cover tend to occur in the southeastern Po Plain. The structural 
highs are associated with the SA buried thrusts in the northwest, the 
reactivated faults of the EA in the mid-west, and the shallow carbonate 
anticlines of the FA in the southeast. The highest positive thermal 
anomalies are found at the FA, where the main thrusts have caused the 
higher displacement of the Mesozoic carbonate units; those units host 
aquifers subjected to thermal convection, which lowers the geothermal 
gradient in the carbonates whilst increasing it in the overlying units. 
Although deeper seated, other thermal anomalies have been found 
associated with structural highs, which are inferred to be related to hot 
water migrating from the Mesozoic carbonate aquifers through faults 
cutting into the Oligo-Miocene and Plio-Pleistocene units. 

The evaluation of predicted temperatures at the base of the Pliocene 
permits to establish that the sedimentary units above the Miocene tend 
to reach temperatures higher than 80 ◦C only in the FA area, but also 
that temperatures just below 60 ◦C can be found at relatively shallow 
depths even in the SA area, where several oil wells have been drilled (e. 
g., Villafortuna-Trecate, Malossa fields). The derived insight can be 
employed to establish the type of geothermal application (heating and 
cooling versus direct energy production) that may suit a specific sector. 
The results demonstrate that, at best, the Po Plain exhibits potential for 
medium- to low-enthalpy geothermal use, mostly for heating purposes, 
in the units immediately overlying the carbonate units, with the best 
prospects located along the FA, where exploration efforts should be 
focused on the structures involving the carbonate units in the core of the 
anticlines and close to the surface. Notable low-enthalpy resources are 
expected along the SA buried thrusts, which can be exploited by the 
conversion of decommissioned oil and gas wells reaching sufficiently 
high temperatures at economic depths, and which can be exploited for 
agricultural and district heating purposes. Furthermore, especially in the 
shallower Plio-Pleistocene sedimentary units of the EA, ground-source 
heat pumps can be readily deployed for heating and cooling individ
ual buildings, greenhouses, aquaculture activities, or small industries, 
reducing considerably the need for gas or other non-renewable sources 
of energy. The outputs of this study can also be employed to guide the 
exploration of higher-temperature reservoirs at shallow depths, hosted 
in Oligo-Miocene units. The depth-to-the-isotherm maps carried out in 
this study at a regional scale can be used as a first-level analysis for 
further and more detailed local assessment of the positive thermal 

anomalies. 3D reconstructions of buried geological structures and of the 
basin architecture can play a pivotal role in the energy transition. 
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