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Italy based on the Curie isotherm 
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In this study, we build a 3D regional-scale thermal model beneath southern Italy using the Curie 
isotherm as the bottom boundary condition for the heat-conduction equation. The thermal model is 
based on solving the 3D steady-state heat conduction equation using a finite-difference approach. 
Our model consists of five major crustal layers, including the depth to the magnetic basement, the 
magnetic bottom, and the Moho. For each layer we assigned representative radiogenic heat source and 
thermal conductivity values based on the average crustal and thermal properties of the study area. The 
Curie depth, estimated from spectral analysis of aeromagnetic data, is treated as a first-order proxy 
for the ~ 580 °C isotherm, and it acts as the model lower boundary. Our model provides a spatially 
continuous image of the crustal temperature distribution across the Tyrrhenian back-arc basin, the 
Apennine fold-and-thrust belt, and the Adriatic–Ionian foreland. The results reveal pronounced lateral 
variations in the crustal thermal regime. Thermal gradients range from ~ 25 °C/km beneath the Adriatic 
and Ionian regions to ~ 75 °C/km beneath the Marsili Basin and Aeolian Arc in the Tyrrhenian Sea where 
the Curie isotherm is predicted to occur at depths of only 8–10 km. Conversely, the Curie depth is 30–34 
km below the Apennine belt and the Calabrian arc, which indicates a much colder and mechanically 
more resistant crust. Similarly, our estimated heat flow varies from ~ 40 mW/m² in the Calabrian Arc 
and the central Apennines, to over 200 mW/m² in the volcanic areas of the south-eastern Tyrrhenian 
Sea. These patterns reflect the geodynamic evolution of the region, with asthenospheric upwelling and 
lithospheric thinning occurring beneath the Tyrrhenian retro-arc basin, and thicker, colder lithosphere 
beneath the orogenic and foreland domains. In addition, our model provides quantitative constraints 
on the thermal architecture and rheological structure of the lithosphere beneath southern Italy. The 
predicted temperature field suggests that temperatures of 150–250 °C may be reached at depths 
of 3–5 km in several sectors of the Tyrrhenian margin and volcanic provinces, indicating favorable 
conditions for geothermal exploitation where sufficient permeability is present. The proposed 
framework therefore offers an improved regional baseline for geothermal exploration and for future 
thermo-mechanical modeling of the central Mediterranean lithosphere.
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Information about the temperature distribution in the crust is paramount to understand the thermal evolution 
of the Earth at local and global scales, to explore geothermal resources, and to construct basin modeling1–4. Near 
surface heat flow and temperature measurements, along with physical parameters, are mostly used to characterize 
the temperature variation within the first few kilometers of the Earth4–7. To understand deep geothermal 
systems, surface observations were extended to the deep crust, the Moho, or even the lithosphere, using the 
heat equation model5,6,8,9. To be able to extend near surface thermal data to a greater depth, we need boundary 
conditions at the sides of the thermal model, and a crustal structure model and associated physical parameters. 
One of the main criticalities in solving the heat conduction equation is that the bottom boundary condition is 
unknown1,8. Moreover, temperature and heat-flow measurements from boreholes are often unevenly distributed 
and insufficiently deep, limiting their ability to reliably constrain deep geotherms. One way to partially overcome 
these limitations is to derive deep thermal constraints from geological and geophysical observations10. Common 
techniques used for this purpose include:
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•	 Petrological and geochemical analysis of xenoliths10–12: they are useful to determine the thermal structure and 
composition of the deep parts of the lithosphere.

•	 Magnetic methods for Curie depth estimation. The inferred Curie isotherm represents valuable information 
on the thermal property of the lower crust13–16. The Curie temperature, 580  °C for magnetite, marks the 
threshold at which magnetic minerals lose their spontaneous magnetization and become paramagnetic.

•	 Seismic velocity tomography for velocity-temperature conversion17,18 and magnetotellurics for upper man-
tle resistivity estimation10,19, which are important to infer and interpret fluid-dominated and convective 
zones10,18.

Although the geophysical and petrological models suffer from uncertainty, they still can play an important role 
in constraining deep geotherms. They can substantially supplement near-surface thermal data.

The study area lies within a geodynamically active segment of the Mediterranean, with complex crustal 
architecture, high heat flow associated with rifting and volcanism, and multiple zones with documented 
thermal anomalies20. These conditions make the region a prime focus for geothermal research with the aim of 
quantifying subsurface temperature distribution, identifying potential reservoirs, and supporting geothermal 
energy exploration.

Most of the existing geothermal models of southern Italy are based on surface heat-flow measurements, 
shallow borehole temperature gradients, and 2D conductive models developed along selected transects across 
the Apennines belt and the Tyrrhenian Sea margin. The studies produced surface heat-flow maps2,21,22 and 
temperature-gradient estimates down to approximately 3 km depth20,23, based on heterogeneous datasets. These 
results consistently reveal exceptionally high heat-flow values across the Tyrrhenian domain, progressively 
decreasing toward the Apennine belt, with particularly steep thermal gradients along the coastal areas. Additional 
thermal modeling efforts along selected profiles in Southern Italy include the works of Della Vedova et al.2, 
Solaro et al.24, and Tumanian et al.18, among others. More locally, Castaldo et al.25 investigated the influence of 
thermo-rheological properties on surface deformation beneath Ischia Island, while extensive datasets from hot 
springs, fumaroles, and gas vents, coupled with geochemical analyses, have enabled the development of detailed 
conceptual models of hydrothermal systems in Southern Italy26.

More recently further studies have been carried out for the thermal modelling of the local thermal regime in 
specific sectors of Southern Italy. For instance, Floridia et al.27 interpreted the present-day conductive thermal 
field of Sicily through 3D lithospheric-scale gravity modeling, using lithology-dependent physical properties 
to constrain the thermal structure. Giuffrida et al.28 developed a 3D hydraulic-thermal model of Pantelleria 
Island (Sicily Channel), combining steady-state and transient simulations over a 50 kyr timescale and producing 
temperature distributions validated against well data. Finally, Vespasiano et al.29 presented a 3D steady-state 
thermal model of the Calabria region, integrating geological, geophysical, and borehole temperature data within 
a finite-element modeling framework.

Despite these advances, the deep thermal structure of southern Italy remains weakly constrained, primarily 
due to the limited depth and uneven distribution of borehole temperature data and to the intrinsic difficulty 
of defining reliable basal boundary conditions for geothermal models20,30. Moreover, previous thermal models 
typically imposed basal heat flow or Moho-level temperatures inferred from geodynamic assumptions or surface 
observations2,18. These limitations are especially critical in areas such as the Apennine belt and the Calabrian 
Arc, where low surface heat flow, thick crust, and complex tectonic architecture coexist2,30.

Consequently, an independent constraint on deep crustal temperatures is essential to reduce model non-
uniqueness and resolve the transition between cold orogenic domains and hot back-arc regions. In this study, 
we use the Curie isotherm depth as a lower boundary condition for a regional 3D steady-state conductive 
thermal model. This depth model is independently derived from spectral analysis of aeromagnetic data, 
following established methodologies13–15. Because it provides continuous regional coverage and a physically 
defined temperature reference (~ 580 °C), the Curie depth serves as an effective constraint for the heat equation. 
Similar approaches have been successfully tested in other geothermal contexts. For instance, Mather and Fullea31 
constrained the geotherm beneath the British Isles using Bayesian inversion of magnetic data, while Guerrero-
Martínez et al.32 applied 3D modeling in the Acoculco caldera to establish background heat flow. Building on 
these precedents, we assess the applicability of magnetic Curie isotherm estimates as robust boundary conditions 
within a geodynamically complex setting. There is no guarantee that the estimated magnetic bottom represents 
the Curie temperature surface33–35. However, magnetite is generally assumed to be the dominant magnetic 
mineral contributing to long-wavelength magnetic anomalies in continental crust34. Therefore, we assume that 
580 °C is a reasonable Curie temperature for deep crustal rocks.

By integrating Curie depth information with geological, geophysical, and borehole data, we present a 
comprehensive 3D thermal model of southern Italy. This model quantifies lateral and vertical thermal contrasts 
across major tectonic domains and characterizes the transition between extensional and compressional regimes. 
Our results provide a refined understanding of deep regional temperatures, offering a more robust assessment 
of how tectonic setting, crustal structure, and lithospheric processes jointly control the geothermal potential of 
southern Italy.

Geological setting and implications for the thermal structure
The Apennine Mountain chain (Fig. 1) extends from northern Italy down to Sicily and represents a complex 
fold-and-thrust belt formed during the collision of the western continental margin of Adria (the African 
Promontory) with the Sardinia–Corsica block36–38. This mountain chain can be subdivided into two major 
sectors: the northern–central Apennines and the southern Apennines36,37,39–44.

The abundance of high-quality geological data, together with extensive hydrocarbon exploration, provides 
crucial information into the structural architecture and tectonic development of the Apennine belt37,40–42. 
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Northern Apennines are mostly dominated by north- and northeast-verging thrusts42, whereas the central 
Apennines exhibit north-, northeast-, and east-northeast-verging thrust structures that divide the crust into 
multiple tectonic slices42,45. In contrast, the southern Apennines are mainly defined by east-northeast- and 
east-verging duplex structures and out-of-sequence thrust faults42,46. The geodynamic processes driving the 
evolution of the Apennines produced an eastward migration of the subduction hinge, along with the associated 
accretionary wedge and back-arc basin47. The tectonic accretion of the Tyrrhenian-Apennines system began 
in the middle Miocene and produced simultaneously extensional tectonics along the Tyrrhenian margin and 
progressive reduction on the foreland side of the orogen37,47–50.

The Tyrrhenian back-arc basin consists mainly of partly oceanic and thinned continental crust with an 
irregular seafloor37,39,41,42,50,51 as result of the E-W-opening and the stretching mechanisms. It follows that the 
extensional thinning of the lithosphere allowed the formation of two large bathyal basins (Vavilov and Marsili 
basins) and several Pliocene-Pleistocene volcanic edifices along the peri-Tyrrhenian margin39,42,52. The Southern 
Apennines orogenic belt is mostly characterized by allochthonous oceanic nappes of Tethyan derivation overlying 
continental nappes from the Adria plate53 (Fig. 1). Such a multilayer complex consists mostly of the Apulian 
platform followed by the Lagonegro-Molise basins, the Apennine carbonate formation and the Liguride-Sicilide 
basinal provinces41.

Geophysical investigations conducted along the Apennine chain have significantly improved our 
understanding of the crustal architecture and its physical properties. Seismic imaging and potential-field 
analyses indicate that the Moho boundary deepens from more than ~ 40 km beneath the northern Apennines 
to approximately 35  km beneath the central and southern Apennines (Fig.  2a)37–41. In contrast, the crust is 
considerably thinner in the Tyrrhenian domain, where Moho depths reach about 10 km beneath the Vavilov 
and Marsili basins in the southeastern Tyrrhenian Sea and increase to ~ 20–25 km beneath western Tuscany and 
Latium37,38,41,42. Further east, Moho depths of roughly 30 km characterize relatively stable regions such as the 
Adriatic domain, and the Apulian foreland15,55–57.

This marked variability in crustal thickness reflects the complex geodynamic evolution of the central 
Mediterranean and exerts a strong control on the geothermal framework of southern Italy. In particular, the 
interaction between the Apennine orogenic system and the Tyrrhenian back-arc basin plays a fundamental 
role in shaping the regional thermal regime. The opening of the Tyrrhenian Sea, associated with eastward 
rollback of the subducting Adriatic–Ionian slab, promoted lithospheric thinning, mantle upwelling, and 
widespread magmatic activity along the Tyrrhenian margin58,59. Consequently, heat-flow maps and previous 
geothermal studies reveal a pronounced thermal asymmetry across the region (Fig. 2b), with very high heat-
flow values in the Tyrrhenian domain that progressively decrease toward the Apennine belt and the Adriatic–
Ionian foreland2,21,22. These contrasts are commonly interpreted as the thermal expression of enhanced mantle 

Fig. 1.  Simplified geological and structural map of Southern Italy (redrawn after Bosellini54.

 



Scientific Reports |        (2026) 16:23938 4| https://doi.org/10.1038/s41598-026-52913-w

heat input and asthenospheric upwelling beneath the back-arc basin, compared with the colder and thicker 
lithosphere underlying the orogenic belt and foreland sectors18,30.

Structural and tectonic features further modulate the regional geothermal pattern. Extensional fault systems, 
crustal thinning, and Quaternary volcanic districts in Campania and along the southern Tyrrhenian margin 
favor high heat flow and active hydrothermal circulation60. Conversely, thrust structures, crustal thickening, and 
deep groundwater circulation within the carbonate platforms of the Apennines tend to reduce surface heat-flow 
values by redistributing heat through advective processes61. In addition, major fault zones and fracture networks 
may act as preferential pathways for deep CO₂-rich fluids rising from the mantle and lower crust, enhancing 
advective heat transport and locally amplifying geothermal anomalies62–64. The structural architecture of 
the Apennine belt, including thrust vergence, nappe stacking, and the kinematic evolution of the orogenic 
system40,42 may therefore influence the thermal field indirectly by controlling crustal thickness, radiogenic heat 
production, permeability distribution, and fluid circulation pathways, rather than through structural geometry 
alone10,19.

Methodology
Spectral analysis for depth estimation
Depth to the Curie point (CPD) can be calculated using spectral analysis of magnetic data or forward modelling 
of magnetic data. The spectral method is the most commonly used one and its mathematical formulation is 
based on either a statistical ensemble of blocks15,65,66 or random uncorrelated sources13,67 or even random fractal 
noises14,68,69.

In this study we consider the statistical block ensemble approach65,66 where the ensemble average ⟨E(k, θ )⟩
) of the magnetic anomaly is expressed by:

	 ⟨E(k, θ )⟩ = 4π 2J
2⟨e−2hk⟩⟨T 2 (k)⟩⟨S2 (k, θ )⟩⟨R2

T (θ )⟩⟨R2
M (θ )⟩� (1)
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(
kx

2 + ky
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, ⟨T 2 (k)⟩ = ⟨(1 − e−tk)2⟩ is the thickness factor and ⟨S2 (k, θ )⟩ 
is a factor related to the source lateral dimension. L, M, N are the magnetization direction cosines and (l, m, n) 
the geomagnetic field vector direction cosines.

We may compute the radial spectrum by taking the radial average of ⟨E(k, θ )⟩:

	 ⟨E (k)⟩ = 4π 2J
2⟨e−2hk⟩⟨T 2 (k)⟩⟨S2 (k)⟩⟨R2

T ⟩⟨R2
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)
⟩ = 1

π
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)
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From Eq.  2, it has been noted that only the factors ⟨e−2hk⟩, ⟨T 2 (k)⟩, ⟨S2 (k)⟩ affect the shape of the 
logarithm of the radial spectrum65,66.

Fig. 2.  (a) Moho depth map derived from gravity data (modified after Kelemework et al.55; (b) Observed heat 
flow digitized from the Geothophica database23.
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Therefore, we can infer the depth to the magnetic top 
−
h, by reducing Eq. 2 to:

	 ln(⟨E (k)⟩) ≈ ln(A) − 2k
−
h� (3)

where A = 4π 2 −
J

2
⟨R2

T ⟩ ⟨R2
M ⟩k−2.915,66. 

The depth to the magnetic top is determined by analyzing segments of the spectrum in which the logarithm 
of the power spectrum exhibits an approximately linear trend, following the classical methodology for spectral 
analysis of potential fields65. It is also important to note that the statistical block ensemble can be interpreted in 
either a single-ensemble or double-ensemble framework. In the single-ensemble case, a linear regression is fitted 
to the appropriate linear segment of the spectrum to estimate the depth to the top (e.g., Fig. 1 in Kelemework et 
al.15), as emphasized by Spector and Grant65. However, in the case of the double ensemble, it can be identified by a 
change in slope of the power spectrum, which indicates the presence of ensemble sources at different depths. For 
this case, the depth to the deep source can be estimated by drawing a linear regression to the small wavenumber 
part of the spectrum (note that the range of wavenumber depends on the linear part of the spectrum), whereas 
the shallower sources can be estimated by drawing a slope to appropriate intermediate-high wavenumber sectors 
of the spectrum. The case of a double ensemble has been shown by Spector and Grant65  (their Figures 4b and 
Figure 5b), and by Fedi et al.66 (their Figure 8 and Figure 9).

The next step is to infer the depth to the magnetic bottom. This task is more challenging and different spectral 
techniques have been developed: the spectral peak method15,70,71 the centroid method13,15,72 the nonlinear curve 
fitting method14,68 the forward modelling of the spectral peak method34,73 and the de-fractal method74.

For estimating the centroid depth 
−
h0, Eq. 2 reduces to:

	 ln(⟨E (k)⟩) ≈ ln(P ) − 2k
−
h0� (4)

where P = 64
3 π 2J

2⟨R2
T ⟩⟨R2

M ⟩
−
d

2
 k−0.9 15.

Depth to the centroid is estimated by fitting slope to the linear very low wavenumber part of the radially 
average power spectrum.

The depth to the magnetic bottom can then be easily derived from the depth to the top and centroid as 
follows13:

	 hb = 2
−
h0 −

−
h� (5)

where hb is depth to the bottom.

Models of the depth to the top and bottom of magnetic sources
We inferred the depth to the top and bottom of magnetic sources in Southern Italy using the aeromagnetic 
dataset of Italy, collected during the 1970 s and 1980s75,76, (Fig. 3a). The aeromagnetic data were compiled from 
different ground, onshore and offshore aeromagnetic surveys that have been merged onto a draped surface 1 km 
above the topography and gridded with a 1 km sampling interval. In this study, we applied a draped-to-level 
upward continuation to a constant altitude of 3 km a.s.l77., utilizing the wavelet-based algorithm developed by 
Ridsdill-Smith78.

Following Kelemework et al.15, here we used a 80 × 80 km2 window size in the Tyrrhenian Sea, where seismic 
study indicates an expected depth to the bottom of around 10–20 km and a 100 × 100 km2 window size in the 
Apennines area, where the expected depth to the bottom is around 30  km, (for details about the choice of 
the window size see Kelemework et al.15,55). Representative power spectra used to derive the depth to the top 
(Eq. 3), and the centroid (Eq. 4) are presented in Fig. 3a and b. Error bars correspond to the 95% confidence 
intervals of the radial average of the power spectrum. The resulting depth estimates from individual windows 
were interpolated to obtain continuous maps of the upper and lower boundaries of magnetic sources.

Figure 4a and b present the inferred models of the top and bottom of magnetic sources across Southern 
Italy. The magnetic top lies at less than 2 km depth in the Tyrrhenian sector, deepening to roughly 14 km below 
the fold-and-thrust belt and the Calabrian Arc, and reaching about 12 km beneath the Apulian foreland and 
the Adriatic margin (Fig. 4a). Shallow magnetic-top depths also appear beneath and in the vicinity of Mount 
Vulture, as well as along the Gulf of Naples.

The magnetic bottom spans from approximately 8 km beneath the Tyrrhenian crust to over 34 km beneath 
the Apennine chain (Fig. 4b). The comparatively shallow magnetic-bottom depths mapped under the Tyrrhenian 
Sea and the NW Campania coastline coincide with an area represented by exceptionally high heat flow, exceeding 
200 mW/m² 2.

In the hanging wall of the Apennines, the magnetic bottom surface lies at roughly 28 km depth within the 
southern Calabrian Arc, increasing to nearly 33 km both to the north and south55. These depths are consistent 
with the generally low heat-flow regime of the region, which varies between about 30 and 50 mW/m² 2,56. A 
notably shallow magnetic-bottom depth appears in the Mt. Vulture area, following a marked north–south 
alignment that coincides with elevated heat-flow values (Fig. 2b).

Our estimates place the basal magnetic surface at 26–32 km beneath the southern Adriatic basin and, moving 
toward the Ionian basin, at approximately 34 km under the frontal sector of the Calabrian Arc and around 20 km 
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Fig. 4.  Depth to the top (a) and bottom (b) of the magnetic sources estimated from the spectral analysis of the 
aeromagnetic field dataset in Fig. 3a.

 

Fig. 3.  Aeromagnetic map of Italy (a) and power spectra for estimating the depth to the top (b) and the depth 
to the centroid (c) for the window located by red box on (a).
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beneath the Calabrian accretionary wedge. The very low heat flow here (30–40 mW/m²) has been linked to the 
presence of old oceanic lithosphere56,79–83.

In this work, we treat the depth to the magnetic bottom as a proxy for the Curie isotherm, which defines the 
lower thermal boundary for the heat-conduction model. Characterizing the crustal structure is also essential 
for assigning realistic thermal conductivity and heat-production parameters, and it can be constrained through 
seismic data, potential-field analyses, and geological interpretation.

It is important to note that the inferred magnetic bottom does not necessarily coincide with the Curie depth. 
The disappearance of crustal magnetization may be controlled not only by temperature, but also by lithological 
variations in the magnetic mineral assemblage83. For instance, a strong correlation between the depth of the 
magnetic bottom and the Moho may indicate that the base of the magnetic layer is primarily governed by 
compositional contrasts at the crust–mantle boundary13,83_85. In contrast, when the magnetic bottom depth 
correlates with heat-flow variations, it is commonly interpreted as reflecting the Curie isotherm13,18,85,86.

Numerous studies have demonstrated that, at regional scales, the magnetic bottom derived from spectral 
analysis often shows good agreement with independent thermal indicators13,72,74. This suggests that temperature 
exerts a primary control on the disappearance of crustal magnetization over large spatial scales. Accordingly, the 
magnetic bottom is widely used as a first-order approximation of the Curie isotherm in regional geothermal and 
lithospheric thermal studies. However, this interpretation should be considered thermally meaningful mainly 
at regional scales, as local discrepancies between the magnetic bottom and the true Curie depth may arise from 
lateral variations in crustal composition or magnetization.

In the case of southern Italy, we observe a broadly consistent spatial relationship between the depth of 
the magnetic crustal bottom (Fig.  4b) and the heat-flow distribution (Fig.  2b). At the regional scale, both 
datasets reveal shallow Curie depths and high heat flow beneath the Tyrrhenian Sea and volcanic provinces, 
and significantly greater depths associated with low heat flow beneath the Apennines and the Adriatic–Ionian 
foreland. For clarity, Fig. 5 also presents a direct comparison at selected locations between the CPD and observed 
heat-flow data. Theoretical curves corresponding to different thermal conductivities are included. Despite some 
local mismatches, likely due to the differing spatial resolution of well data and the magnetic field–derived CPD 
model, a general inverse relationship is evident, with high heat-flow values corresponding to shallow Curie 
depths, and vice versa. A reasonable agreement is obtained for k = 2.5  W m⁻¹ oC⁻¹ over the Apennines and 
k = 3 W m⁻¹ oC⁻¹ over the Tyrrhenian region.

A key aspect of the analysis is the comparison between the CPD and the Moho depth model. In Fig. 6a, we 
present the statistical distribution of the difference between the two surfaces (CPD − Moho). The histogram 
shows that most values cluster around positive differences, indicating that, on average, the magnetic bottom lies 
within the crust. This is consistent with the expectation that the Curie isotherm is generally reached before the 
crust–mantle boundary.

A comparison with the spatial patterns of the two models (Figs. 2a and 3b) further confirms that the CPD is 
predominantly shallower than, or comparable to, the Moho depth, particularly in correspondence with volcanic 
provinces and thermally anomalous regions of the southern and northern Tyrrhenian domain. This observation 
agrees with the presence of elevated geothermal gradients in these areas.

However, the distribution also exhibits a non-negligible tail toward negative values. These cases, where the 
CPD appears deeper than the Moho, are mainly observed in the Ionian Sea, the central Apennines, and the 
Calabrian Arc. However, these discrepancies must be interpreted with caution, especially since the difference is 
small and they fall within the uncertainty of the method.

For this reason,  Figs. 6b–d provide a comprehensive assessment of the uncertainties associated with the 
estimated depths of the magnetic top, CPD, and Moho. These uncertainties are computed following the approach 
of Kelemework et al.15, accounting for the combined effects of spectral analysis and the linear regression 
used, both used in the depth estimation process. For each model, we present both the statistical distribution 
(histograms) and their spatial variability (maps), allowing for a more robust illustration of the reliability of the 
results.

In Fig. 6b, the uncertainty associated with the magnetic top depth is shown. The distribution is positively 
skewed, with a mean of approximately 570  m and a standard deviation of about 250  m. Most values range 
between ~ 300 and ~ 700 m, although a limited tail extends beyond 1 km. This pattern likely reflects the sensitivity 
of shallow magnetic sources to high-frequency noise, window size selection, and spectral resolution limitations.

Figure 6c illustrates the uncertainty distribution for the CPD. As expected, these uncertainties are significantly 
larger than those of the magnetic top, with a mean of ~ 2 km and a standard deviation of ~ 630 m. The distribution 
is broader and right skewed, with most values falling between ~ 1.5 and ~ 2.5 km. This increased uncertainty 
highlights the intrinsic difficulty in resolving deeper magnetic boundaries, as long-wavelength anomalies are 
more affected by regional trends.

Finally,   Fig. 6d presents the uncertainty associated with the Moho depth model. The distribution is 
comparable in magnitude to that of the CPD, with uncertainties generally ranging between ~ 2 and ~ 4.5 km. 
The spatial pattern reveals that higher uncertainties are concentrated in tectonically complex regions, such as 
the southern Apennines and the Calabrian Arc, where crustal structure is highly heterogeneous. Despite this, 
the overall uncertainty remains acceptable for regional-scale interpretations and consistent with the depth of 
the investigated structures. Importantly, these uncertainty estimates are propagated into the thermal modelling, 
allowing us to define realistic uncertainty envelopes for the derived geotherms.

It is worth noting that, areas where the CPD lies at a greater depth than the Moho and where the difference 
between the two exceeds the sum of their respective uncertainties may indicate the presence of a magnetized 
upper mantle. This behaviour can be attributed to specific lithospheric conditions, such as a relatively cold 
thermal regime and/or mantle serpentinization, particularly in the Ionian Arc and Calabrian Arc regions84,85.
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Overall, although local lithological variations may influence the depth of the magnetic bottom, the observed 
consistency between CPD, heat-flow distribution, crustal thickness, and regional geodynamic setting suggests 
that, at the scale of southern Italy, the magnetic bottom is primarily controlled by temperature. This supports its 
use as a reliable proxy for the Curie isotherm in regional thermal modelling.

3D heat conduction
Heat transport in the lithosphere occurs through conduction, convection, or advection. In geodynamically 
stable settings, conduction is the prevailing mechanism, while advective heat transfer is characteristic of regions 
experiencing active deformation2,10,86. The convective heat transfer mechanism plays an important role in 
the mantle. It may also be important in near-surface convective thermal systems, volcanic regions, and areas 
dominated by ground water circulation.

Assuming the conduction heat transfer mechanism, the temperature distribution within the lithosphere 
corresponds to its values T (x, y, z, t), where x and y denote the horizontal location of a point, z is the depth and 
t denotes time. In three dimensions (3D), the heat conduction equation can be written as87:

Fig. 5.  Comparison between the observed heat flow and CPD. Heat flow assuming different thermal 
conductivities are also shown.

 



Scientific Reports |        (2026) 16:23938 9| https://doi.org/10.1038/s41598-026-52913-w

	

ρ (x, y, z)cp(x, y, z)∂ T (x, y, z, t)
∂ t

= ∂

∂ x

(
k (x, y, z) ∂ T (x, y, z, t)

∂ x

)
+ ∂

∂ y

(
k (x, y, z) ∂ T (x, y, z, t)

∂ y

)

+ ∂

∂ z

(
k (x, y, z) ∂ T (x, y, z, t)

∂ z

)
+ Ap(x, y, z, t)

� (6)

where T is the temperature, ρ  (x, y, z) is the rock density, cp (x, y, z) is the specific heat capacity, k (x, y, z) is the 
thermal conductivity, and Ap (x, y, z) is the rate of internal heat production per unit volume. For a steady-state 
heat conduction, Eq. (6) reduces to:
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Equation (7) constitutes a well-posed boundary-value problem, provided that the surface temperature (T₀) and 
either the Curie temperature (Tcpd) or heat-flow at the bottom of the model are specified8.

Boundary conditions
Depending on the availability of constraints, different boundary conditions can be used to solve Eq. (2.2). In this 
study, we use a constant average onshore temperature (15 °C) and offshore sea bottom temperature (13 °C) at the 
top of the model, Curie temperature (580 °C) at the Curie depth point and thermal insulating conditions along 
the sides of the model (zero heat flux).

Discretization
The partial differential Eq.  (2.2) may be discretized by various methods, including the finite difference 
method (FDM), the finite element method (FEM) and the finite volume method (FVM). In this paper, we use 
FDM88,89  where the discretized finite difference method leads to a linear system of equations which can be 
written as:

Fig. 6.  Results of the uncertainty analysis. a) Comparison of the Moho depth map and the estimated CPD. 
Statistical analysis of the model uncertainty and their maps for the depth to the top (b), CPD (c) and the Moho 
(d).
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	 AT = d� (8)

where A is kernel matrix, T is a vector that contains the temperature values at the discrete points (unknown 
values) whereas the right-hand side d is a vector that contains the heat production at discrete points (Ap). Note 
that the vector d also includes the boundary conditions (i.e., T1= T0 where T0 is the surface temperature, Tb= 
Tcpd where Tcpd is the Curie temperature).

Solving the linear system of problem
Matrix A  is large and sparse, and thus an iterative method is more appropriate to solve such linear system of 
equations 88_90. Furthermore, because the system is large and sparse, it is advisable to use a preconditioner, which 
transforms the matrix A to accelerate the convergence of the iterative method90. Then, Eq. (8) becomes:

	 M−1AT = M−1d� (9)

where M−1 is a preconditioner, that is an approximation to A−1. Since M−1A has a smaller condition 
number than A, the linear system can be solved quickly by iterative methods90,91. In this study, we adopt the 
incomplete LU factorization (ILU) of matrix A to form a preconditioner. The incomplete LU factorization is 
based on computing a sparse lower triangular matrix L and a sparse upper triangular matrix U. We then solve 
the linear system using the generalized minimum residual (GMRES) method92, which is appropriate to solve 
nonsymmetric coefficient matrix. We use MATLAB to solve the system.

Existence, uniqueness and convergence
Equation  (2.4) is a well-posed problem. The problem has a unique solution that depends on the boundary 
condition (i.e., Curie temperature isotherm) and varies as a function of it. However, uncertainties that arise 
from computing the depth to the Curie point propagates also into the thermal model. The curvature of the 
geothermal gradient depends on the heat source and thermal conductivity of the crust. We use a tolerance of 
1e− 6 as a convergence criterion.

Crustal and physical models
Crustal model
To characterize the crustal properties and the associated distribution of heat sources, we employed models 
derived from magnetic data using spectral analysis techniques. Specifically, we utilized the depth-to-magnetic-
basement and Curie isotherm models shown in Fig. 4, along with the Moho depth model previously estimated 
by Kelemework et al.55 and presented in Fig. 2a.

Based on these models, the vertical geological sections are subdivided into five principal units. The first unit 
represents the domain of carbonate units and Quaternary sediments between the surface and the top of the 
magnetic sources (Fig. 7). The second one represents the magnetic crust, spanning from the magnetic basement 
top to basement bottom (i.e., the Curie depth); this layer largely corresponds to the middle and lower crust. The 
third unit is defined as the non-magnetic crust, located between the base of the magnetic crust and the Moho 
discontinuity. The fourth corresponds to a hypothetical magnetized portion of the mantle, defined as the interval 
located below the Moho and above the base of the magnetic layer. This layer is only identified in limited areas, 
as its apparent thickness may fall within the uncertainty associated with the CPD and Moho depth models (see 
Sect. 1.1). The fifth unit below the Moho is part of the upper mantle (Fig. 7).

Thermal conductivity
The thermal conductivity is a transport property difficult to define within the crust. Compilation of thermal 
conductivity values from different rock samples at room temperature show an average value of 3.0 W/mK for 
the upper crust, 2.6  W/mK for the lower crust and 3.5  W/mK for the lithospheric mantle5,93. However, the 
variation of thermal conductivity within the lithosphere is generally controlled by its temperature, composition 
and pressure and different approaches have been proposed for its computation5,12,93,94.

In this study, we first attempted to get insight into the thermal conductivity distribution from measured data 
collected in the Southern Apennines23,95, (Fig. 8a). In the top 3 km, the thermal conductivity varies from 1.4 W/
m°C to 2.5 W/m°C, with average value of 2.2 W/m°C (Fig. 8a). However, as one may infer from the figure, the 
thermal conductivity values seem to increase with depth. We then tried to get additional information from 
previous studies as well. Della Vedova et al.2, for example, used thermal conductivity values ranging from 1.8 W/
m°C for clays with sands to 3.7 W/m°C for limestone and dolomites. They built a thermal model down to 10 km 
depth along a profile running from the Tyrrhenian coastline to the Adriatic Sea, with an average value of 2.6 W/
m°C. Carlino60 used an average value of 1.5 W/m°C, assuming this value as representative of the Campania 
plain. Solaro et al.24 used different thermal conductivity values, i.e., 2 W/m°C for volcanites, 2.8 W/m°C for 
limestone, 3.7 W/m°C for dolomite, 1.8 W/m°C for clay-sand, (with an average value of 2.6 W/m°C for the upper 
crust), 2.5 W/m°C for the lower crust and 3.5 W/m°C for the upper mantle. Tumanian et al.18 built a thermal 
model along several profiles using a thermal conductivity value of 2 W/m°C for the sediment, 2.7 W/m°C for 
the upper crust, 2 W/m°C for the lower crust and 4 W/m°C for the upper mantle. Thus, based on the literature 
review and the data shown in Fig. 8a, we use an average value of 2.2 W/m°C in the first 3 km, 2.8 W/m°C for the 
carbonate platforms above the basement, and 2.6 W/m°C for the magnetic crust. Apart from the Tyrrhenian Sea, 
we assume a thermal conductivity of 2.5 W/m°C below the Curie and above the Moho. In the Tyrrhenian Sea, 
we assume a constant thermal conductivity of 3.5 W/m°C (Fig. 8b), comparable to the values used by Trumpy 
and Manzella23 and Solaro et al.24.
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Heat production
Information regarding the variation of heat production with depth is important for geothermal modeling. It 
controls the geotherm curvature. The heat production within the crust varies depending on the concentration of 
radioactive elements, which in turn depends on rock types. The distribution of heat production can be modeled 
as a function of depth by adopting different assumptions:

(i)	 heat-production decreasing exponentially within the upper crust;

Fig. 7.  3D crustal model and 2D sections extracted along profiles. This model is used to assign the radiogenic 
heat source and thermal conductivity models.
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(ii)	 each model layer with constant heat production;
(iii)	 heat-production decreasing exponentially within each layer.

As for thermal conductivity, there is no simple functional relation that describes the heat production variation 
vertically and laterally. In the Apennines, the heat production of the carbonate rocks is estimated to vary from 
0.04 to 1.6 µW/m3 (e.g., Carlino60 and references therein). However, due to the existence of different rock types, 
it is still challenging to understand the variation of heat production. For that matter, different values have been 
used by different authors. For the upper crust an average value of 1 µW/m3 considered by Della Vedova et al.2. 
Tumanian et al.18 used an average value of 0.8 µW/m3 for the sediment, 0.9 µW/m3 for the upper crust, 0.2 µW/
m3 for the lower crust and 0.01 µW/m3 for the upper mantle.

Fig. 8.  (a) Examples of measured thermal conductivity (data from Geothopica23; (b) 3D thermal conductivity 
model and c) 2D sections extracted from the 3D model.
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Here, we assume a constant value of 0.8 µW/m3 in the top 3 km and 1.0 µW/m3 for the carbonate platforms 
and Quaternary volcanics and an exponential heat production in the magnetic crust: Ap (z) = 3 ∗ e(−z/D)

, where D = 10 km is the average thickness of the heat producing layer, similar to the model adopted by Santini 
et al.96. We assume a constant heat production of 0.01 µW/m3 in the upper mantle as derived from geochemical 
analysis of xenolith samples12 (Fig. 9).

Results
Thermal model
Figure 10 presents the 3D thermal distribution of the Southern Apennines, constrained by the Curie depth, 
along with horizontal temperature slices at 1 km, 2 km, 3 km, and 4 km depth. The computed crustal temperature 

Fig. 9.  3D crustal heat production model and extracted sections.
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patterns appear to reflect the volcano-tectonic development of the region as well as the physical properties of the 
lithosphere. In Fig. 11 we provide four cross-sections of the thermal model along selected profiles and along the 
CROP04 seismic transect97.

The 3D thermal model highlights that the southeastern Tyrrhenian Sea, including the Aeolian volcanic 
arc, is characterized by steep thermal gradients, with temperatures reaching approximately 580 °C at depths of 

Fig. 10.  3D thermal distribution (a) and temperature distributions at 1 km (b), 2 km (c), 3 km (d), and 4 km 
(d) below mean sea level. The profiles are drawn to extract 2D thermal sections. The CROP-04 profile location 
is shown in (a).
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8–10 km. In contrast, similar temperatures are reached at depths of about 33 km beneath the Calabrian Arc and 
the Apennine fold-and-thrust belt, indicating a much cooler lithosphere. A sharp thermal gradient is observed 
along the Tyrrhenian coastline.

More specifically, the temperature gradient reduces significantly from around 75 °C/km in the Marsili Basin 
and Aeolian Arc regions, to roughly 23 °C/km in the Adriatic and Ionian seas, revealing important variability in 
lateral thermal properties. Regions with high thermal regimes also correspond to remarkably high surface heat 
flow (Qo > 200 mW/m²)2,22.

The temperature distribution of the Calabrian arc, Apennines thrust-fold belts and southern end of the 
Apulian platforms are characterized by low thermal gradients. The predicted Curie depth beneath these areas 
is estimated to be deep (28–34 km), in agreement with a deep Moho (Fig. 2a) and low surface heat flow values 
(Fig. 2b). The very high thermal gradient beneath the Tyrrhenian Sea and Aeolian volcanic arcs may be due 
to asthenospheric uplift (Marsili and Vavilov basins) and subduction-related volcanic activities (e.g., Aeolian 
volcanic arcs)37,39,. This is also consistent with the fact that these zones are also characterized by strong positive 

Fig. 11.  Vertical sections extracted from the 3D thermal model along the profiles shown in Fig. 4a.
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Bouguer gravity anomaly52,98,99 and thin crust97. High temperature gradient (580 °C at approximately 8 km) is 
found in the regions of the Roman Magmatic Province, decreasing sharply close to the Apennines, where the 
same temperature is reached at nearly 34 km depth (P4 in Fig. 11). This strong thermal contrast is also evident 
in the surface heat-flow pattern.

Locally elevated thermal gradients are observed east of Campania, particularly across the Gargano 
Promontory. Within the Adriatic Sea, the thermal structure exhibits pronounced lateral variability: temperatures 
of ~ 580 °C are estimated at ~ 25 km depth in the northern Adriatic and at ~ 30 km near the Dinarides (P3 and 
P4 in Fig. 11). A comparable lateral variability is also evident in surface heat-flow values, potentially reflecting 
crustal uplift in the northern Adriatic domain.

These elevated gradients likely result from the presence of shallow basement rocks, combined with intense 
uplift and erosion, as well as localized magmatic activity associated with Mt. Vulture and nearby volcanic systems. 
Such complexity is consistent with previous studies56,57,82 which describe the Adriatic region as structurally 
heterogeneous.

We superimposed the thermal model onto the geological cross-section proposed by Mazzoli et al.100, 
constructed along the seismic profile CROP04, in order to provide an integrated and conceptual framework 
linking temperature distribution with crustal architecture (Fig. 11).

The resulting thermo-structural section highlights significant lateral variations in the depth of isotherms, 
reflecting the interplay between tectonic setting and thermal regime. In particular, the depth of the ~ 580 °C 
isotherm is around 25  km beneath the Tyrrhenian margin, indicating a relatively high geothermal gradient 
consistent with the extensional tectonic domain. Moving eastward beneath the Apennine fold-and-thrust 
belt, this isotherm deepens to over 28–30 km, suggesting a cooler and thicker crustal sector associated with 
compressional tectonics and crustal stacking.

Further east, in correspondence with the Mt. Vulture volcanic area and its surroundings, the isotherm 
rises again to shallower depths (approximately 20 km), likely reflecting localized thermal anomalies linked to 
magmatic processes or mantle upwelling. Toward the Adriatic foreland, the isotherms progressively deepen 
once more, indicating a return to lower geothermal gradients and a more thermally stable lithospheric domain.

Overall, the observed geometry of the isotherms mirrors the transition from the Tyrrhenian back-arc 
extensional system to the Apenninic orogenic belt and finally to the relatively undeformed Adriatic foreland, 
emphasizing the strong control exerted by tectonic processes on the regional thermal structure.

We have also computed a new surface heat flow map (Fig. 12a). It shows a very high heat flow (about 200 
mW/m2) over the southeastern Tyrrhenian Sea (Aeolian volcanic arcs) and parts of the Roman Magmatic 
Province, rapidly decreasing toward the Apennines chain. A very low heat flow (about 40 mW/m2) is observed 
over the Calabrian arc. An intermediate heat flow (60–80 mW/m2) is predicted in eastern Campania, Gargano 
promontory and Adriatic coast. There is a general agreement between our heat flow model and previous heat flow 
models2,21,22,23. Moreover, an overall good match between the observed heat flow and the calculated heat flow 
is shown in Fig. 12b. In Fig. 12c, we provide a statistical analysis of the heat flow error based on the uncertainty 
analysis of the Curie depth model. Here we note that large part of the estimated errors range between 2 and 10 
mW/m2, which additionally validates our heat flow model. However, it is important to note that spectral analysis 
of magnetic data may not be able to detect local anomalies13 and this could be the reason why there are local very 
high heat flow values (Fig. 2b) that are not visible in our model.

Discussion and implications
Establishing a temperature model within the lithosphere requires a not easy definition of the deep thermal 
constraints, of the crustal structure and of the related physical parameter models. Nevertheless, different 

Fig. 12.  (a) Estimated surface heat flow map, (b) comparison between the observed and calculated heat flow 
and (c) histogram of the computed heat flow uncertainty.
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geothermal models have been proposed and produced5,12,22,30,93,101,102. Several thermal and geochemical analysis 
have been also carried out to map and characterize the subsurface thermal distributions and evaluate the 
geothermal potential of the Italian region. As a result, the surface heat flow and shallow temperature distribution 
of the region is fairly well defined2,20,26. However, due to the complex geological setting, existence of volcanic 
activities, active sedimentation, and ground water circulation, coupled with lack of deep thermal constraints, our 
understanding of thermal variation is limited at the deep levels.

In our study we attempt to image the 3D thermal distribution beneath Southern Italy using the Curie depth 
as a main constraint, leading to the definition of the lower boundary condition of the model. The 3D thermal 
model reveals pronounced lateral and vertical temperature variations across southern Italy, reflecting the strong 
tectonic segmentation between the Tyrrhenian Sea back-arc domain, the Apennines, and the Adriatic–Ionian 
foreland. Localized thermal anomalies are predicted where shallow Curie depths coincide with reduced crustal 
thickness and elevated radiogenic heat production, particularly beneath the Tyrrhenian sector and volcanic 
provinces. Similar associations between shallow Curie depths, lithospheric thinning, and high geothermal 
gradients have been documented in other back-arc and extensional settings1,13,14.

The interpretation of these anomalies must be framed within the assumptions of a steady-state conductive 
model. Elevated temperatures in the Tyrrhenian domain are directly constrained by shallow Curie isotherms 
and high modelled heat flow, consistent with asthenospheric upwelling and enhanced mantle heat input inferred 
from geophysical and geochemical studies22,30,51. Conversely, cooler thermal anomalies beneath the Apennine 
belt and Calabrian Arc correspond to deeper Curie depths, thicker crust, and lower radiogenic heat production, 
in agreement with previous geothermal and seismic studies2,18. However, as discussed in Sect. 1.1, both CPD 
and Moho depth estimates are affected by uncertainties of the order of ~ 2–3  km, especially in tectonically 
complex regions. Consequently, areas where the Curie is slightly deeper than the Moho may fall within the 
combined uncertainty of the two models and should not be overinterpreted. Nevertheless, where the differences 
substantially exceed the estimated uncertainty bounds, the presence of a magnetized upper mantle cannot be 
excluded. One plausible explanation involves mantle serpentinization, a process that promotes the formation of 
magnetite during hydration of peridotitic rocks and can impart significant magnetization to mantle domains 
under relatively cold thermal conditions. Such conditions have been independently inferred in the Ionian 
domain and beneath the Calabrian Arc, where seismic and geological evidence suggests the presence of hydrated 
or serpentinized mantle84,85.

However, given the regional scale of the spectral analysis and the intrinsic limitations in resolving sharp 
vertical contrasts, this interpretation remains tentative. Higher-resolution magnetic data, together with 
independent seismic and petrological constraints, would be required to robustly discriminate between thermal 
and compositional controls on mantle magnetization.

Once we define/assume the top boundary conditions from surface data and bottom constraints, the behavior 
of the geotherm model depends on the heat production and thermal conductivity of the crust. Moreover, 
integrating deep constraints with near surface thermal data helps to better constrain the shallow thermal 
distribution. Unfortunately, there are not enough near-surface thermal data to integrate with our model. 
Nevertheless, we take advantage of very few available near-surface thermal models to compare with our thermal 
model: Trecase1 (T1), M. Forcuso1 (MF1), Serra S.M. (SSM) and Puglia1 (Pu1) (from Della Vedova et al.2).

We show the geotherms constrained by these near-surface thermal models and Curie depth in Fig. 13. The 
comparison between these two independent approaches highlights both consistencies and local discrepancies in 
the reconstructed thermal structure.

In several cases, the geotherms derived from shallow thermal data deviate from the CPD-based geotherms, 
being either higher or lower depending on local conditions. A notable example is represented by the Puglia1 
(Pu1) site, where the estimated geotherm is systematically lower than the CPD-constrained profile. This 
discrepancy can be attributed to the influence of near-surface processes, such as groundwater circulation and 
sedimentation, which are known to significantly perturb the shallow thermal regime and reduce the apparent 
geothermal gradient. Alternatively, it may reflect lateral variability in the Curie depth at the local scale, which 
cannot be fully resolved by spectral methods and may lead to oversimplified CPD estimates.

To account for model uncertainties, we incorporated the error bounds associated with the CPD-derived 
thermal model, resulting in an uncertainty envelope for each geotherm (grey shaded band in Fig.  13). This 
uncertainty is relatively limited at shallow depths (approximately 10–20 °C within the upper 10 km), but increases 
progressively with depth, reaching values on the order of ~ 80 °C at ~ 30 km. This trend reflects the intrinsic 
limitations of Curie depth estimation from spectral analysis, as well as the cumulative effect of uncertainties 
in thermal properties, boundary conditions, and model assumptions. Furthermore, it is important to note that 
CPD estimates are inherently sensitive to variations in lithological composition and magnetic mineralogy, 
which introduce additional, often poorly constrained sources of uncertainty103. Despite these limitations, the 
overall agreement between CPD-based and near-surface-constrained geotherms supports the robustness of the 
integrated approach and provides valuable insights into the regional thermal structure.

It is also important to note that, in this study, we consider a steady state heat conduction equation model. 
However, not all the heat may reach the surface by conduction, especially in active regions. Moreover, we 
used the same equation to compute the thermal distribution beneath the Tyrrhenian Sea and the Apennines. 
However, in practice, the thermal distribution beneath oceanic crust is generally computed using a half-space 
cooling model87,104,105 or a plate cooling model87,102. However, the importance of deriving the Curie depth from 
magnetic data lies in the fact that it provides an estimate of the temperature at depth even in non-stationary 
situations74.

It is clear from the thermal model that there are strong lateral and vertical thermal variations between the 
Tyrrhenian Sea, the Apennines and the Ionian and Adriatic Sea. It is worth noting that there are local very 
high heat flow values over the Aeolian volcanic arcs and Marsili basin (> 250 mW/m2)2 and deriving geotherm 
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models using these very high heat flow values may lead to higher geotherm values than our model. Moreover, 
the interface between the upper and lower mantle in the Tyrrhenian Sea is not indicated in our crustal model, 
where the lithosphere - asthenosphere boundary (LAB) is expected to vary from 1100 to 1400 °C22,30,101,102,106. 
A value of about 1330 °C is used in most studies. Since our main focus in this study is on the Curie isotherm, 
which is significantly shallower than the LAB, there may be some uncertainty in the Tyrrhenian Sea where there 
is the LAB interface.

Nevertheless, our results are broadly consistent with the lithospheric-scale framework recently proposed by 
Zhang et al.57, who investigated the thermochemical structure of the Western–Central Mediterranean lithosphere 
using integrated geophysical–geochemical modeling. The spatial variation of Curie depths and geothermal 
gradients obtained in this study mostly reflects similar large-scale thermal segmentation. In is important to 
note that, while Zhang et al.57 provide a regional geodynamic framework linking slab rollback, mantle flow, and 
lithospheric architecture along a 2D transect, our study is more focused in interpreting the shallow thermal 
structure of the crust and in quantifying the 3D spatial distribution of geothermal gradients and Curie isotherm 
depths across Southern Italy.

Processes such as uplift, erosion, magmatic intrusions, or advective heat transport may locally perturb 
the thermal field, as documented in volcanic and hydrothermal areas of southern Italy20,25,26. In the Adriatic 
region, for instance, Zhang et al.56,57 highlight the intricate architecture of the Adria microplate, which differs 
significantly from adjacent plates. They report average crustal densities of ~ 2,830  kg/m³ and substantial 
crustal thickening beneath the External Dinarides (up to 45–50  km), interpreted as the result of maximum 

Fig. 13.  Geotherms based on near-surface thermal data (red dots) and Curie isotherm-based geotherms (black 
line). Red dots reproduced from Della Vedova et al.2. Location of boreholes is also shown.
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plate bending. A complementary perspective is offered by Faccenna et al.80, who interpret the Puglia uplift as 
a consequence of buckling within a thick continental lithosphere in the foreland of the Apenninic subduction 
system. Marra et al.107 similarly support an uplift component, though they attribute it to broader lithospheric-
scale processes. Baccheschi et al.108 introduce a deeper geodynamic mechanism, identifying belt-perpendicular 
fast seismic anisotropy axes in the Gargano region. These are interpreted as evidence of shallow mantle flow 
through a narrow horizontal tear in the Ionian slab, suggesting that the observed lateral variability is not purely 
crustal but linked to slab fragmentation at depth.

Importantly, there is some divergence regarding the net topographic expression of these processes. Zhang 
et al.56,57 argue that the Adriatic microplate is overall characterized by subsidence: the combination of thick 
lithosphere and adjacent subducting slabs exerts a downward pull, maintaining the region below sea level. In this 
framework, localized uplift at Gargano represents an anomalous feature within a broader foreland basin setting.

While this study attributes elevated thermal gradients primarily to shallow basement conditions and uplift-
related processes, Zhang et al.56,57 instead emphasize the role of a three-layered crystalline crust with increasing 
density at depth (up to ~ 3,080 kg/m³ in the lower crust), which they use to explain regional gravity and geoid 
anomalies rather than localized thermal variations. Therefore, we interpret uplift and shallow basement rocks as 
the primary controls on the observed thermal anomalies, whereas other studies107,108, invoke deeper geodynamic 
processes, such as mantle flow, slab tearing, and lithospheric buckling, to explain the same regional complexity.

Our model demonstrates that the first-order thermal anomalies at regional scale can be explained without 
invoking transient or advective processes, relying solely on variations in Curie depth, crustal architecture, and 
internal heat production. This distinction highlights the role of deep lithospheric structure as the primary 
control on the regional geothermal framework.

Beyond temperature distribution, the modelled thermal field provides quantitative constraints on the 
mechanical behaviour of the lithosphere. Experimental and theoretical studies indicate that temperatures of 
approximately 350–450 °C correspond to the brittle–ductile transition in the continental crust, marking a sharp 
reduction in effective strength and viscosity109,110. In the Tyrrhenian domain, these temperatures are reached at 
shallow depths (< 10–12 km), implying a thin brittle crust and a mechanically weak lithosphere.

Such thermal weakening is consistent with the observed extensional tectonics, high seismic attenuation, and 
widespread Quaternary volcanism in the Tyrrhenian region51,111. In contrast, beneath the Apennine belt and 
the Adriatic–Ionian foreland, equivalent temperatures are reached at significantly greater depths (> 25–30 km), 
implying a thicker brittle layer and a mechanically stronger lithosphere. This rheological contrast supports 
interpretations of strain localization in the hot back-arc domain and more distributed or rigid deformation 
within the colder orogenic belt, in agreement with thermo-mechanical models of the central Mediterranean24,25. 
Although crustal viscosity and strength are not explicitly parameterized in the present model, the predicted 
temperature field places robust first-order bounds on lithospheric rheology and deformation style.

To evaluate the predictive capability of the model, the inferred surface heat-flow values were quantitatively 
compared with published heat-flow datasets for Italy2,21,22. At regional scale, the model successfully reproduces 
the major thermal provinces of southern Italy, including high heat-flow values (> 150–200 mW m⁻²) in the 
Tyrrhenian domain and low values (< 50 mW m⁻²) beneath the Apennine belt and Calabrian Arc.

A point-by-point comparison indicates that most modeled values fall within ± 20–30 mW m⁻² of observed 
measurements, comparable to the uncertainty range of heat-flow determinations themselves19,30. Larger 
discrepancies are primarily associated with areas affected by active hydrothermal circulation or recent volcanism, 
such as volcanic islands and coastal geothermal fields, where advective heat transport plays a dominant role20,26. 
Another source of discrepancy is the spatial resolution. The results inferred from spectral analysis are valid at 
scales of tens of kilometres, which inhibits a full comparison with local-scale wells information. Nevertheless, 
these results confirm that the model reliably predicts the regional background conductive heat-flow field, rather 
than localized anomalies controlled by shallow processes.

Conclusions
The Curie depth constraint allowed us to better image the thermal distribution beneath the complex geological 
settings of the southern Italian peninsula, where significant lateral and vertical thermal variations over short 
distance are observed. Another major advantage is that the Curie depth acts as an important constraint, 
especially where there is no or insufficient surface heat flow data, thanks to the regional coverage of magnetic 
data. Moreover, the Curie depth can be used to constrain basin modeling, which is useful to understand the 
maturation history of organic materials.

The curvature of the geothermal gradient depends on the heat source and thermal conductivity of the crust. 
This is why we integrated near surface thermal data with the Curie depth, to better define the thermal parameters 
(heat production and thermal conductivity) within the crust, which in turn is useful to better constrain the 
geotherm models.

The thermal model indicates substantial spatial variability in the lithospheric heat regime, characterized by 
a progressive westward rise in geothermal gradient from the Adriatic and Ionian sectors toward the Tyrrhenian 
Sea. Elevated gradients are concentrated in zones of back-arc extension and asthenospheric upwelling beneath 
the Vavilov and Marsili basins, and in areas influenced by subduction-driven magmatism along the Aeolian arc.

Areas marked by elevated temperatures and high heat-flow values, such as the Tyrrhenian sector, the eastern 
margin of the Adriatic, and the Roman Magmatic Province, emerge as particularly favorable prospects for 
geothermal resource development.

In this study we neglected the effects of convective and advective systems. However, these heat transfer 
mechanisms may locally play an important role, especially beneath the Tyrrhenian region and thus the model 
can be further refined by incorporating these heat transfer mechanisms.
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By anchoring the thermal structure to Curie isotherm geometry derived from magnetic data, the model 
reduces uncertainty in basal boundary conditions and enables consistent comparison across distinct tectonic 
domains.

The added value of this approach lies not in redefining known surface heat-flow patterns, but in demonstrating 
that these patterns arise naturally from the deep lithospheric thermal architecture of Southern Italy. This 
strengthens interpretations of geothermal gradients, provides new quantitative constraints on lithospheric 
rheology, and establishes a robust baseline for future coupled thermo-mechanical or hydrothermal investigations.

Data availability
The maps of the Moho depth, CPD and magnetic depth to the top, used for the thermal modeling of Southern 
Apennines are available at Kelemework et al.112.
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