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Abstract

Identifying favourable zones for geothermal exploration at the regional scale remains
challenging, particularly in areas where conventional geophysical surveys are spatially
limited or economically unfeasible. This study presents an integrated framework for
delineating geothermal favourability across the Iberian Peninsula using global gravity and
magnetic products combined with subsurface thermal information. EGM2008, WGM2012,
EMAG2, and WDMAM2 were compared and harmonized through geostatistical modelling,
anisotropic ordinary kriging, and common-grid processing. Potential-field transformations
and spectral coherence analysis were used to derive a Geophysical Favourability Index
(FI_geof). This index was integrated with temperature at 100 m depth using weighted fuzzy
logic, applying FuzzyLinear and FuzzyLarge membership functions with a 60% FI_geof
and 40% temperature weighting, to obtain the Geothermal Favourability Index (FI_geot).
Quantitative comparison and cross-validation indicated that EGM2008 and EMAG2 were
the most suitable primary reference products within their respective datasets, whereas
WGM2012 and WDMAM?2 provided complementary regional-scale information. The fuzzy
integration identified the highest favourability mainly in Galicia and the Levante—Betic
sector, where elevated FI_geot values coincide with heat-flow values of approximately
96-154 mW m~2 and comparatively high geothermal gradients. Around 20% of the study
area was classified within the highest favourability category. The resulting FI_geot should
be interpreted as a regional screening and prioritization tool rather than as direct evidence
of an exploitable geothermal resource. Overall, the proposed methodology provides a
reproducible approach for identifying priority areas for further geothermal investigation in
large and incompletely characterized regions.

Keywords: geothermal favourability; satellite gravity; magnetic anomalies; spectral coherence;
fuzzy logic; Iberian Peninsula

1. Introduction

Geothermal energy is a key renewable resource for the low-carbon energy transition
due to its base-load capability, low greenhouse gas emissions, and long-term resource
availability, making it suitable for decarbonizing heating, cooling, and electricity sectors.
Unlike other renewables, it is not dependent on meteorological conditions, providing a
stable and continuous energy supply [1]. It also offers high energy density and a reduced
land-use footprint compared to other technologies, minimizing environmental impacts [2].
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Beyond electricity generation, geothermal energy can be directly used in district heating,
industrial processes, greenhouse heating, and aquaculture, highlighting its versatility.
Furthermore, advances in Enhanced Geothermal Systems (EGS) and hybrid configurations
are expanding its applicability to previously non-viable regions, strengthening its role as a
reliable component of future energy systems [3].

Despite its advantages, in terms of installed capacity, geothermal energy remains
a relatively small component of the global energy mix. By the end of 2024, installed
geothermal power capacity reached ~16.9 GW across 32 countries, with 198 identified fields
and an average capacity factor of 67.5% (2021-2022). For direct-use applications, global
thermal capacity reached 107.4 GWth in 2020, with ~72% from geothermal heat pumps [4].

However, its deployment is still limited by the difficulty of accurately delineating
subsurface resources, where detailed knowledge of highly variable geological conditions is
required. Identifying favourable geothermal zones is therefore essential to reduce explo-
ration risk and improve development strategies [5]. Traditionally, assessment has relied on
geological, geochemical [6], and geophysical surveys [7,8], involving extensive fieldwork,
drilling, and laboratory analyses. While reliable, these methods are costly, time-consuming,
and typically restricted to well-known geothermal areas [9].

Given the limitations of traditional geophysical and geochemical methods (particu-
larly their limited applicability over large or remote areas), the increasing availability and
improved resolution of satellite-based geophysical data have created new opportunities
for regional-scale geothermal exploration [10]. Satellite-derived datasets, including grav-
ity, magnetic, and radiometric fields, have proven effective for characterizing subsurface
conditions relevant to geothermal systems [11]. Gravity anomalies help identify density
contrasts associated with intrusive bodies, sedimentary basins, and crustal discontinuities
that influence regional heat flow patterns [12]. Magnetic data are useful for detecting
hydrothermal alteration, demagnetized zones linked to elevated temperatures, and fault
structures that facilitate fluid circulation [13]. In addition, radiometric and thermal ob-
servations provide complementary information on surface geochemical variations related
to alteration processes and geothermal manifestations, integrating physical and chemical
signals for a more comprehensive subsurface interpretation [14].

As representative examples, Pastorutti and Braitenberg (2019) [15] applied satellite
gravity data to model crustal heat production and lithospheric temperature in Central Eu-
rope, demonstrating the potential of these datasets to constrain regional thermal structure
and geothermal resources. Similarly, Larasati et al. (2023) [16] integrated gravity, magne-
totelluric, and remote sensing data in the Kepahiang geothermal system (Indonesia) to
identify low-resistivity zones and fault intersections associated with potential geothermal
reservoirs. Zhao et al. (2023) [17] used 3D gravity inversion in the Central and Eastern
Gonghe Basin (China) to detect low-density anomalies linked to partial-melt zones acting as
possible deep heat sources. More recently, Soekarno et al. (2025) [18] employed GGMplus
satellite gravity data and derivative filtering techniques to map faults and density contrasts
at Mount Endut (Indonesia), highlighting the effectiveness of satellite gravity in delineating
structural controls on geothermal fluid flow.

Previous studies clearly highlight the strong potential of satellite-based methods
for geothermal exploration, as they provide valuable insights into subsurface structures,
density contrasts, heat sources, and fluid pathways, enabling a more comprehensive char-
acterization of geothermal systems at both regional and local scales. However, important
challenges remain, particularly in the integration and processing of multi-source datasets
with differing resolutions, acquisition times, and measurement techniques, which com-
plicates their joint interpretation. In addition, the application of these approaches in
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poorly characterized regions lacking detailed geological and geophysical information is
still limited.

Based on the state-of-the-art review presented above, this study proposes an integrated
assessment of satellite-derived datasets to identify favourable geothermal zones in the
Iberian Peninsula, a region with significant gaps in geothermal exploration. The novelty of
this work lies in the comparative evaluation and spatial integration of multi-source gravity
and magnetic products with subsurface thermal information within a common regional
framework. The proposed workflow combines geostatistical harmonization, potential-
field transformations, spectral coherence analysis, and weighted fuzzy logic to identify
areas where structural and thermal indicators spatially coincide. Rather than replacing
conventional exploration methods, this approach provides a regional screening tool for
prioritizing areas where more detailed geological, hydrogeological, geochemical, and
geophysical investigations may be warranted. The framework is particularly applicable to
large or incompletely characterized regions where ground-based observations are unevenly
distributed. The paper is organized as follows: Section 2 describes the study area, data
sources, and methodology; Section 3 presents the results; Section 4 discusses the findings
in a regional geophysical and geothermal context; and Section 5 summarizes the main
conclusions and implications.

2. Materials and Methods
2.1. Geographical and Geological Setting of the Study Area

The study area encompasses the Iberian Peninsula, located in southwestern Europe
and comprising mainland Spain and Portugal. Its geological configuration reflects the
superposition of Variscan and Alpine tectonic events and includes several major domains,
such as the Iberian Massif, the Pyrenees, the Betic Cordillera, the Iberian and Catalan
Coastal ranges, and the main Mesozoic—Cenozoic sedimentary basins. The Iberian Massif
is predominantly composed of Precambrian and Palaeozoic metamorphic rocks and grani-
toids, whereas the Alpine ranges comprise deformed sedimentary successions, basement
units, and locally occurring igneous and metamorphic rocks. The Ebro, Duero, Tagus,
and Guadalquivir basins are characterized by sedimentary infill of variable thickness and
petrophysical properties [19]. Figure 1 shows the location of the Iberian Peninsula and its
main geological domains.

These geological contrasts influence the regional geothermal regime through varia-
tions in crustal composition, radiogenic heat production, lithospheric thickness, structural
permeability, and groundwater circulation. Radiogenic granitoids in Galicia and the Cen-
tral System may generate localized thermal anomalies, whereas fractured Alpine domains
and Neogene extensional regions may facilitate geothermal fluid circulation. In addition,
porous and permeable sedimentary formations within the main basins may be relevant for
low- to medium-temperature direct-use applications. Regional lithospheric modelling has
also revealed marked spatial variations in crustal temperature and thermal structure across
the Iberian Peninsula [20].

The lithospheric structure of the Iberian Peninsula has been investigated using seismic,
gravimetric, magnetic, magnetotelluric, heat-flow, and geodetic observations. Regional
injtiatives such as Topolberia and the IberArray network, together with broader European
projects such as AlpArray, have improved the characterization of crustal and lithospheric
structures across Iberia [21]. The integration of observations from Spain, Portugal, south-
ern France, and northern Morocco has further contributed to understanding the tectonic
evolution and thermal regime of the region [22].

https:/ /doi.org/10.3390/app16178726


https://doi.org/10.3390/app16178726

Appl. Sci. 2026, 16, 8726

4 of 25

A | Regional location
15°W 5°W
\

8w W 1°W 0° 1°E 2°E 3°E 4°E

9P°W 6w 5°'W 4w 3W 2°W

1 1
I:B] Geological and physiographic setting of the Iberian Peninsula

Wy
=
50°N | £59%\

Atlantic
Ocean

40°N+

20°N

North Africa

—,
{

.

\
\

v

Mediterranean
Sea

44°N+

43°N

42°N+ - 42°N

L

TRy "Coastal Ranges

41°N+ - 41°N

E Main g

logi hysi
gical and phy

hic units

Galician Massif
Cantabrian Mountains
Basque-Cantabrian Range
Pyrenees

Catalan Coastal Ranges
Iberian System

Central System

Montes de Toledo

Betic Ranges

Gibraltar Arc

SlEIECIOISIOISIBIOC]

Pyrenean Foreland Basin

Cantabrian Mountains (west)

p

40°N- - 40°N

- 39°N

39°N

38°N+ - 38°N

[ | Duero Basin

[ Ebro Basin

[ Cenozoic Tagus Basin
"] Guadalquivir Basin

Sedimentary basins (Cenozoic)

37°N+ - 37°N

200
S |

300km

36°N+ - 36°N

’ —— Spain-Portugal international boundary

Coordinate system: WGS 84 (EPSG:4326)

Figure 1. Geographical and geological setting of the study area: (A) Regional location of the Iberian
Peninsula in southwestern Europe. (B) Main geological and physiographic units and major Cenozoic
sedimentary basins of the Iberian Peninsula. The Spain-Portugal international boundary is also
shown. Coordinates are referenced to WGS 84.

Despite the theoretical geothermal potential reported for the region, its practical de-
velopment remains limited. In Spain, deep enhanced geothermal system resources have
been estimated at up to approximately 700 GW, although no commercial high-enthalpy
geothermal power plants are currently operating, and the deployment of shallow geother-
mal systems remains comparatively modest [23]. This limited development is partly related
to the uneven spatial distribution of boreholes and field measurements and to the lack of
spatially continuous, high-resolution subsurface information [24]. These data limitations
support the use of integrated satellite-derived and ground-based datasets for regional
geothermal favourability assessment.

2.2. Data Sources and Inputs
2.2.1. Global Potential Field Models

Gravity and magnetic information from global potential-field models was compiled
for the regional analysis of the Iberian Peninsula. The selected products incorporate
observations derived from satellite missions, terrestrial surveys, marine measurements,
airborne data, and satellite altimetry. The main characteristics of the missions and models
considered in the study are summarized in Table 1.
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Table 1. Summary of the Earth observation satellites and magnetic models used in this research [25-27].

Source Type Objective Resolution  Period of Operation

Orsted Active Geor.n.a gnetic field, hlgh High 1999-present
precision from low orbit

GRACE/ . . . Temporal variations in .

GRACE FO Twin active satellites Earth’s gravitational field High 2002-2017/2018—present
High-resolution models of

GOCE Active satellite Earth’s gravitational field Very high 2009-2013
and geoid
Earth’s magnetic field,

CHAMP Active satellite gravity, and atmosphere; High 2000-2010
geophysical modeling
Magnetic anomalies from

EMAG2 Model satellite, airborne, and 2 arcmin updated periodically

marine data

Based on the data sources described above, two models have been applied to each
dataset (gravimetry and magnetometry) which will be detailed in the following subsections.

Gravimetry. The gravity component comprised EGM2008 and WGM2012. EGM2008
combines satellite observations, particularly from GRACE, with terrestrial and marine
gravity measurements and satellite-altimetry information. WGM2012 is a global gravity
compilation derived from several existing products, including EGM2008 and DTU10, and
incorporates both satellite-derived and ground-based information [28]. The two models
differ in their data composition, spatial support, resolution, and treatment of regional
gravity signals. Their compatibility was assessed before integration using descriptive statis-
tics, spatial comparison, geostatistical analysis, and comparison with higher-resolution
observations from Catalonia. The complete comparative analysis is provided in the Sup-
plementary Material, while the quantitative results and model selection are presented in
Sections 3.1 and 3.2.

Magnetometry. The magnetic component comprised EMAG2 and WDMAM?2.
EMAG?2 provides a global magnetic-anomaly grid with a nominal resolution of 2 arc-
minutes, approximately 0.033°, integrating satellite, airborne, marine, and ground-based
observations. WDMAM2 provides a global magnetic-anomaly model on a 0.05° grid and
emphasizes longer-wavelength components of the crustal magnetic field [29]. Because
the two products differ in spatial resolution, source data, and spectral content, they were
initially evaluated independently before spatial harmonization and integration. The de-
scriptive comparisons, difference maps, and validation against local magnetic observations
are included in the Supplementary Materials, whereas the quantitative comparison and
final model selection are reported in Sections 3.1 and 3.2.

2.2.2. Geostatistical Processing

The gravity and magnetic datasets were processed independently before their subse-
quent integration. The gravity component comprised EGM2008 and WGM2012, whereas
the magnetic component included EMAG2 and WDMAM2. Because these products differ
in spatial resolution, sampling support, data sources, and statistical distribution, a com-
mon geostatistical workflow was applied to enable their comparison and harmonization.
The workflow comprised spatial resolution homogenization, statistical standardization,
variogram modelling, anisotropy assessment, ordinary kriging, and cross-validation.
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Spatial Resolution Homogenization. EGM2008 and WGM2012 were resampled onto
a regular gravity working grid with a cell size of 0.033°, whereas EMAG2 and WDMAM?2
were processed using a magnetic working grid with a cell size of 0.05°. These resolutions
were selected considering the spatial support of the original products and the need to pre-
serve regional-scale variability. Where an input product had a finer spatial resolution than
the selected working grid, weighted spatial aggregation was applied. Coarser datasets and
areas with incomplete coverage were interpolated onto the corresponding grid. These pro-
cedures provided a common spatial framework but did not increase the intrinsic physical
resolution of the original observations.

Before geostatistical modelling, EGM2008, WGM2012, EMAG2, and WDMAM?2 were
independently standardized to zero mean and unit variance. This transformation reduced
differences in magnitude and measurement units and prevented datasets with larger
numerical ranges from dominating the subsequent comparison and integration.

Geostatistical Modelling and Interpolation. Experimental omnidirectional and di-
rectional variograms were calculated independently for EGM2008, WGM2012, EMAG?2,
and WDMAM2 to characterize their spatial continuity and identify possible anisotropic
behaviour. Spherical variogram models were fitted using the nugget, sill, range, and
anisotropy parameters reported in the Supplementary Materials.

Anisotropic ordinary kriging was subsequently applied to generate continuous sur-
faces for each gravity and magnetic model. Leave-one-out cross-validation was used to
compare observed and predicted values, and model performance was evaluated using
mean error, mean absolute error, and root mean square error. The resulting surfaces were
finally resampled onto a common 5 x 5 km grid for the potential-field transformations and
spectral coherence analysis described in Section 2.3.

2.2.3. Thermal Database and Lithological Information

Lithological data were incorporated to complement and validate the satellite informa-
tion using the 1:50,000 Continuous Geological Map of Spain (GEODE) developed by the
Geological and Mining Institute of Spain [30]. The 142 lithostratigraphic units identified
in the Iberian Peninsula were grouped according to the generalized lithological legend
of IGME into 26 main classes with similar composition and petrophysical properties [24].
Representative values of thermal conductivity, density, and magnetic susceptibility were
assigned based on laboratory measurements, regional compilations [24], local studies of
igneous and metamorphic rocks [31], and standard geophysical references [32]. The litho-
logical map was resampled to a 5 x 5 km grid consistent with the spatial resolution of
the potential field datasets, assigning the dominant lithology to each cell, following the
approach proposed in [24]. In addition, other thermal measurements available for the
study area (Table 2) were incorporated and harmonized through quality control criteria
and topographic corrections.

Table 2. Main thermal data sources compiled for the present study. All gradients were converted to
°C/10 m. The heat flux was recalculated q = k-dT/dz, with k = 2.25 W/m-K when not available.

Set

Type Number of Points

Historical gradients [33]
QOil boreholes [34]

Gradient (°C/10 m) + flow 346 boreholes
Gradient (mK m~1) + conductivity 118 boreholes

Global Heat Flow DB—IHFC [35] Gradient and flow (QA/QC > B) 553 points
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The datasets listed in Table 2 represent the principal thermal data sources compiled
for the study and contain overlapping records. Therefore, the numbers reported for each
source should not be summed directly. The initial compilation comprised 881 entries; after
removing duplicate and spatially coincident records and retaining observations with valid
coordinates, elevation, and thermal attributes, 199 unique thermal measurement locations
were obtained. These harmonized records were used to generate the regional temperature
at 100 m surface through IDW interpolation.

2.3. Geophysical Processing for Geothermal Purposes

The potential-field datasets were processed in Oasis montaj 2026.1 (Seequent,
Christchurch, New Zealand= to derive transformations intended to enhance geological
structures according to their spatial wavelength and geometry. The gravity analysis used
the complete Bouguer anomaly products derived from EGM2008 and WGM2012 as sup-
plied by their respective data providers. Therefore, Bouguer and terrain corrections were
not recalculated in this study; the corrections incorporated into the original products were
retained during subsequent processing.

The first vertical derivative of the Bouguer anomaly was calculated in Oasis montaj to
enhance short-wavelength variations and lateral gravity gradients associated with relatively
shallow density contrasts. For the magnetic data, reduction to the pole was performed
using a geomagnetic inclination of 48.5° and a declination of —3.1°. These parameters were
applied to reposition magnetic anomalies closer to their causative sources and reduce the
asymmetry produced by the direction of the inducing field.

The pseudogravity transformation was subsequently performed in Oasis montaj using
the same geomagnetic inclination and declination values, a density contrast of 2670 kg m~3,
consistent with the density parameter used in the gravity product, and the magnetic-
anomaly values in nT from the processed magnetic dataset. The transformation generated
a gravity-equivalent representation of the magnetic field, facilitating spatial comparison
between anomalies related to density and magnetic-susceptibility contrasts [36].

All transformed layers were normalized to the range [0, 1] and resampled onto a
common 5 x 5 km grid. Anisotropic ordinary kriging was used to maintain a consistent
spatial framework for the spectral coherence analysis described in Section 2.3.1. These
operations harmonized the spatial support of the datasets but did not increase the intrinsic
physical resolution of the original gravity and magnetic products.

2.3.1. Spectral Coherence Analysis and Construction of the Geophysical
Favourability Index

Spectral coherence analysis was used to quantify the correspondence between the
gravity and magnetic datasets in the frequency domain and to identify spatially coincident
responses potentially associated with common geological structures [37]. Coherence was
calculated for all pairwise combinations of five normalized input layers: Bouguer anomaly,
vertical derivative of the Bouguer anomaly, free-air gravity anomaly, magnetic pseudo-
gravity, and reduced-to-the-pole magnetic anomaly. This procedure produced ten unique
coherence layers.

Each coherence layer was normalized to the range [0, 1]. A Geophysical Favourability
Index (FI_geof) was subsequently calculated as a weighted linear combination of the nor-
malized coherence layers. The weights were derived from their statistical association with
geothermal-gradient reference data at 54 IHFC locations. The Bouguer—RTP coherence layer
received the highest weight (0.40), whereas lower weights were assigned to combinations
dominated by higher-frequency derivatives.

The resulting FI_geof values were smoothed using a two-dimensional Gaussian filter
with an approximate standard deviation of 30 km to reduce short-wavelength noise while
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preserving regional spatial trends. The final FI_geof map represents relative structural
favourability derived from the combined gravity and magnetic responses. The coherence
values and their geological interpretation are presented in Section 3.4.

2.3.2. Multicriteria Integration Using Fuzzy Logic

The Geophysical Favourability Index (FI_geof) was derived from the weighted inte-
gration of the normalized gravity—magnetic coherence layers, as described in Section 2.3.1.
Subsequently, the Geothermal Favourability Index (FI_geot) was obtained by combining
FI_geof with subsurface temperature at 100 m depth through weighted fuzzy logic [38].
A linear membership function (FuzzyLinear) was used to transform the original FI_geof
range [0.306-0.548] into membership values ranging from 0 to 1, with the minimum and
maximum values defining the lower and upper favourability thresholds, respectively.

Temperature was transformed using a sigmoidal “Large” membership function (Fuzzy-
Large), with its midpoint defined by the mean subsurface temperature at 100 m depth
(1 =24.99 °C) and its spread defined by the corresponding standard deviation (o = 7.40 °C).
These parameters represent the transition between below- and above-average thermal con-
ditions across the Iberian Peninsula and are consistent with the minimum operational
temperature range considered for geothermal heat-pump applications [24].

The integrated index was calculated as:

FI_geot = 0.60-p_FI_geof + 0.40-p_Temp (1)

where p_FI_geof and p_Temp represent the fuzzy membership values of the geophysical
favourability index and temperature at 100 m depth, respectively. The 60:40 weighting was
adopted as a transparent and geophysically informed reference configuration rather than
as a universally optimal solution. A moderately higher weight was assigned to FI_geof
because it integrates multiple gravity- and magnetic-derived structural indicators and
exhibits greater regional spatial continuity, whereas the temperature at the 100 m layer is
more strongly influenced by the uneven distribution of boreholes, variations in thermal
conductivity, and interpolation uncertainty. The selected weighting therefore preserves the
dominant structural contribution while retaining a substantial thermal component.

The robustness of the reference configuration was evaluated by varying the FI_geof
weight between 0.50 and 0.80, with the complementary temperature weight adjusted
accordingly. The main regional favourability patterns remained spatially stable across
the tested scenarios, particularly in north-western Galicia and the Levante-southeastern
sector. The 60:40 model was therefore retained as a transparent and reproducible reference
configuration. A comprehensive comparison of alternative fuzzy aggregation operators
was considered beyond the scope of the present study.

The continuous FI_geot map, with values ranging from 0 to 1, was reclassified into five
relative favourability categories using the P20, P40, P60, and P80 percentiles following [39].
The results of the weight-sensitivity analysis are presented in Section 3.6. The complete
methodological workflow, from the compilation and geostatistical harmonization of the
input datasets to the generation and assessment of FI_geot, is summarized in Figure 2.
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Methodological workflow for regional geothermal favourability assessment
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2.2.1. Global potential-field
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« Magnetic: EMAG2 and WDMAM2
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Regional screening and prioritization tool—not direct evidence of an exploitable geothermal resource

FI_geof: Geophysical Favourability Index; FI_geot: Geothermal Favourability Index; IHFC: International Heat Flow Commission; RTP: Reduction to the Pole.

Figure 2. Methodological workflow used to compare and harmonize the gravity, magnetic, thermal,
and lithological datasets; derive the Geophysical Favourability Index (FI_geof) through spectral
coherence analysis; and integrate FI_geof with temperature at 100 m depth using weighted fuzzy
logic to obtain the regional Geothermal Favourability Index (FI_geot).

3. Results
3.1. Comparative Performance and Dataset Selection

A quantitative comparison was performed between the gravity and magnetic models
over their common spatial support before their subsequent integration. EGM2008 and
WGM2012 were compared at 15,251 coincident grid locations covering the Iberian Penin-
sula, whereas EMAG?2 values were interpolated onto the WDMAM2 grid, resulting in
62,887 valid common locations. Pearson’s correlation coefficient, coefficient of determi-
nation, mean difference, mean absolute difference, and root mean square difference were
calculated to quantify the agreement and systematic discrepancies between each pair of
models; the results are summarized in Table 3.

Table 3. Quantitative agreement and discrepancy between the gravity and magnetic models over
their common spatial support.

Model Common , 2 Mean Mean Absolute
Comparison Locations Pearson’s r R Difference Difference RMSE
WEM2012 versus 15,251 0.995 0.990 +12387mGal  123.87mGal  124.25 mGal
WDMAM2 versus
EMAG? 62,887 0.583 0.340 —20.48 nT 189.87 nT 255.48 nT

Note: Mean differences were calculated as WGM2012 — EGM2008 for gravity and WDMAM?2
— EMAG2 for magnetometry. The reported RMSE values represent inter-model discrepancies
and should not be interpreted as kriging prediction errors or errors relative to independent
field observations.

The gravity models showed a very strong spatial correspondence, with a Pearson
correlation coefficient of 0.995 and an R? value of 0.990. However, WGM2012 presented
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a systematic positive offset relative to EGM2008, with a mean difference of 123.87 mGal.
The nearly identical mean difference and mean absolute difference indicate that WGM2012
values were consistently higher across almost the entire common domain. This systematic
displacement is also reflected in an inter-model RMSE of 124.25 mGal.

In contrast, the magnetic models exhibited only moderate spatial agreement. The
correlation between EMAG2 and WDMAM?2 was 0.583, corresponding to an R? value
of 0.340. The mean difference was —20.48 nT, while the mean absolute difference and
RMSE reached 189.87 and 255.48 nT, respectively. These results indicate that the differences
between the magnetic products involve not only a general offset but also substantial
variations in anomaly amplitude and spatial detail.

The quantitative comparison confirms that EGM2008 and WGM2012 reproduce similar
regional gravity patterns, although WGM2012 exhibits a systematic positive offset relative
to EGM2008. In contrast, EMAG2 and WDMAM?2 show lower spatial correspondence
and substantially larger amplitude differences. Together with the comparisons against
higher-resolution local observations presented in the Supplementary Material, these results
supported the selection of EGM2008 and EMAG?2 as the primary gravity and magnetic
reference models, respectively. WGM2012 and WDMAM?2 were retained as complementary
products for characterizing broader regional variability.

3.2. Geostatistical Performance of the Potential Field Models

Cross-validation of the geostatistical models revealed differences in spatial continuity
and predictive performance among the gravity and magnetic datasets. The gravity products
exhibited relatively low short-range variability and a dominant regional-scale spatial
structure. WGM2012 preserved broader regional trends, whereas EGM2008 showed greater
consistency with the observed gravity distribution and lower prediction errors. Comparison
with higher-resolution observations from Catalonia also indicated lower dispersion for
EGM2008 and a systematic positive bias in WGM2012.

The magnetic datasets displayed a marked directional spatial structure, with the
strongest anisotropy occurring approximately along the north-south direction. EMAG2
retained finer-scale magnetic features and showed closer agreement with the local magnetic
observations, whereas WDMAM?2 emphasized longer-wavelength regional anomalies and
exhibited stronger smoothing and larger deviations. The fitted spherical variogram models
indicated that EGM2008 and EMAG?2 provided the most spatially consistent representations
within their respective data groups.

Leave-one-out cross-validation yielded root mean square errors below 10 mGal for the
gravity datasets and below 5 nT for the magnetic datasets. Considering prediction error,
agreement with local observations, spatial continuity, and the preservation of regional and
local structures, EGM2008 and EMAG2 were selected as the primary gravity and magnetic
reference models, respectively. WGM2012 and WDMAM2 were retained as complementary
sources for representing broader spatial variability.

3.3. Processed Potential Field Maps

The Bouguer anomaly map (Figure 3A) highlights regional crustal density variations
across the Iberian Peninsula. Broad negative anomalies below —100 mGal spatially coincide
with major sedimentary and low-density crustal domains, including sectors of the Ebro and
Guadalquivir basins, whereas relatively positive anomalies above +50 mGal occur in parts
of the western Iberian Massif. Sharp gravity gradients are observed along the margins of
the Pyrenees, Betic Cordillera, and major sedimentary basins, suggesting the influence of
crustal contacts and inherited tectonic boundaries.
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Figure 3. (A) Total Bouguer anomaly derived from integrated gravity data. (B) Vertical derivative of
the Bouguer anomaly highlighting shallow structures and major crustal contacts (red).

The first vertical derivative of the Bouguer anomaly (Figure 3B) enhances shorter-
wavelength features and lateral gravity gradients. Higher derivative values delineate
several mountain fronts and structural boundaries, particularly in the Pyrenees, Cantabrian
domain, and Betic Cordillera, whereas lower values characterize broader and more homo-
geneous regional domains.

The integrated magnetic anomaly map (Figure 4) shows positive magnetic anomalies
of up to approximately +96 nT in parts of the Central Meseta and western Betic ranges,
together with negative anomalies down to approximately —48 nT along sectors of the
Mediterranean margin and northern Iberia. These patterns reflect regional variations in
the amplitude and spatial wavelength of the magnetic field and may be associated with
differences in magnetic mineral content, lithology, alteration, and source depth.
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Magnetic anomaly {nT)
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Figure 4. Integrated magnetic anomaly map showing spatial variations in magnetic susceptibility
(EMAG2 + WDMAM?2 geostatistically processed).
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The reduced-to-the-pole magnetic anomaly map (Figure 5A) repositions the main
magnetic responses closer to their inferred source locations and highlights regional anomaly
belts in the Northern Meseta, Pyrenees, Ebro Depression, and Mediterranean margin. The
pseudogravity transformation (Figure 5B) provides a gravity-equivalent representation
of the magnetic field, emphasizing broad spatial gradients and facilitating comparison
with the gravity products. Positive and negative pseudogravity anomalies should be
interpreted as relative variations in the transformed magnetic response rather than as direct
measurements of subsurface density.

4 44
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40°
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. 110.029
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. 8.84x 107°

38° 38° 38

oy
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Figure 5. (A) RTP magnetic anomaly centres sources and pseudogravity is derived from the in-
tegrated magnetic field. (B) Pseudo gravity where high gradients delineate magnetic bodies and
lithological contacts.

3.4. Spectral Coherence and Geophysical Favourability Index

The pairwise spectral analysis (Table 4) showed consistently high coherence among
the processed potential-field layers. The highest spectral coherence value was obtained
between the Bouguer anomaly and magnetic pseudogravity (C? = 0.998), followed by
pseudogravity and RTP (C? = 0.992), and Bouguer anomaly and RTP (C? = 0.990). The
vertical derivative of the Bouguer anomaly also showed high spectral coherence with RTP
(C2 =0.984) and pseudogravity (C2 =0.983).

Table 4. Matrix of pairwise spectral coherence values (C?) among the potential-field layers used to
calculate the Geophysical Favourability Index.

Free Air Gravity Bouguer Vertical Derivative- Pseudo Gravity =~ RTP

Bouguer
Free air gravity 1.000000 0.988849 0.975994 0.985909 0.968737
Bouguer 0.988849 1.000000 0.983950 0.998002 0.990149
Vertical Derivative-Bouguer  0.975994 0.983950 1.000000 0.982620 0.984416
Pseudo Gravity 0.985909 0.998002 0.982620 1.000000 0.991682
RTP 0.968737 0.990149 0.984416 0.991682 1.000000

These high coherence values indicate that the processed layers share substantial
spectral and spatial components over the wavelength range considered. However, they
should not be interpreted as evidence of direct physical equivalence between density
and magnetic susceptibility. Their magnitude is partly influenced by the common spatial
support, normalization, interpolation, shared regional wavelengths, and the mathematical
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dependence introduced by transformations such as pseudogravity and RTP. The geological
implications of these relationships are discussed in Section 4.

The highest spectral coherence value was observed between the Bouguer anomaly
and magnetic pseudogravity (C? = 0.998), followed by pseudogravity and RTP (C? = 0.992),
and Bouguer anomaly and RTP (C? = 0.990). Similarly, the vertical derivative showed
spectral coherence values above 0.98 with both pseudogravity and RTP. These results
indicate a strong degree of spectral and spatial correspondence among the processed
potential-field layers.

The high correlations are partly related to the common spatial support, normalization,
interpolation, and long-wavelength regional structure shared by the processed datasets.
Therefore, they should not be interpreted as evidence of a direct physical equivalence
between density and magnetic susceptibility. Their geological implications are discussed in
Section 4.

The spectral coherence maps (Figure 6) were consistent with the correlation matrix,
showing extensive areas with values close to 1. These patterns reflect strong shared long-
wavelength spatial components among the processed potential-field datasets, although
local variations remain visible across the study area.
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Figure 6. Spectral coherence maps among potential field layers and the RTP magnetic anomaly.

The geophysical Favourability Index (Figure 7A), ranging from 0.1 to 0.8, represents
the probability of favourable subsurface conditions, with high values indicating strong
gravity-magnetic coherence linked to structural contacts, faults, and intrusive bodies,
and low values corresponding to homogeneous sedimentary areas. The smoothed index
(Figure 7B) reduces noise and emphasizes regional trends, highlighting coherent anomaly

https://doi.org/10.3390/app16178726


https://doi.org/10.3390/app16178726

Appl. Sci. 2026, 16, 8726

14 of 25

belts in the central and north-eastern areas, potentially associated with deep structures
or intrusions.
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Figure 7. Geophysical Favourability Index derived from spectral coherence analysis of potential
field datasets: (A) original index distribution (0.1-0.8); (B) smoothed index highlighting regional

structural trends.

The classified FI_geof (Figure 8), divided into high (red), medium (green), and low
(blue) categories using P33 and P66 thresholds, reveals a heterogeneous distribution of
geophysical favourability. High-potential areas are mainly in the south and northwest
of the Iberian Peninsula, medium values dominate central and eastern regions, and low
favourability is concentrated in the southwest and interior zones.
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Figure 8. Classified geophysical favorability index based on percentile thresholds (P33 and P66).
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As shown in Figure 8, FI_geof ranges from 0.306 to 0.543 (mean = 0.421; o = 0.026),
reflecting gravity—-magnetic spectral coherence. Higher values (>0.43) occur mainly in
the Guadalquivir Basin, Betic Cordillera, and Galicia-Tras-os-Montes, while lower values
(<0.41) dominate the southwestern Iberian Peninsula and parts of the Northern Meseta.
Overall, FI_geof captures crustal heterogeneity linked to density and magnetic contrasts,
with thermal gradient data introduced to further refine geothermal interpretation.

3.5. Geothermal Gradient and Heat Flow

The integrated thermal database combines geothermal-gradient measurements,
petroleum-well data, and IHFC records [33-35]. The geothermal-gradient map shown
in Figure 9 was generated using anisotropic ordinary kriging with a spherical variogram,
a range of approximately 0.95°, and directional anisotropy of 320°/230°, after detrend-
ing the latitudinal component and applying a normal-score transformation. Compari-
son with the IHFC reference points showed that 92% were consistent with the predicted
geothermal-gradient distribution. The resulting map identifies four broad thermal domains,
summarized in Table 5.
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Figure 9. Interpolated geothermal gradient map (°C/km) for the Iberian Peninsula. Contour interval:
5°C/km.

Table 5. Main geothermal domains of the Iberian Peninsula.

Domain

Typical Gradient Main Geological Control

Alpine Ranges (Pyrenees, Betics)

Southeastern Extensional Basins

(Murcia—Alicante)

Meseta and Central System

Western sector
(Galicia—Tras-os-Montes)

5 . Alpine tectonic structure, crustal thickening,
20-35 °C/km; peaks up to 40 intll?usive bodies, and fault systems &
Neogene extension, fault-controlled
30-45 °C/km; up to ~50 circulation, and locally favourable
sedimentary conditions
Relatively stable crustal domains, variable

10-18 °C/km fracturing, and comparatively conductive
crystalline rocks . .
40-50 °C/km Radiogenic granitoids, reactivated Variscan

structures, and inherited fracture networks
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High geothermal gradients (>40 °C/km) align with reactivated tectonic domains,
indicating structural and radiogenic control on thermal variability. Heat flow (Figure 10)
ranges from 30 to 150 mW/ m?, with a main cluster in the Meseta—Pyrenees (40-43° N) and
higher values in the southern—southeastern Iberian Peninsula (36-38° N), locally exceeding
120 mW/m? and well above the European average (~60 mW /m?).
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Figure 10. (A) Latitudinal distribution of the heat flow. (B) Interpolated geothermal heat flow map
(mW m~2).
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Temperature at 100 m depth (Figure 11) was used as an additional regional thermal
indicator. At this depth, the temperature field is less affected by short-term surface fluc-
tuations than near-surface observations, although it may still be influenced by lithology,
groundwater circulation, topography, and local boundary conditions. The spatial dis-
tribution was obtained through IDW interpolation of 199 unique thermal measurement
locations. The results show temperatures of 10-25 °C in the Cantabrian and Pyrenean areas,
25-40 °C in the major sedimentary basins, and 40-74 °C in localized anomalies associated
with radiogenic granitic domains in Galicia and the Central System and with Neogene
extensional sectors in Levante and Murcia. Overall, the pattern broadly agrees with the
regional heat-flow distribution, although local differences remain because the two variables
are controlled by additional geological and hydrogeological factors.

Based on the above, the main geodynamic sectors characterized by relatively homoge-
neous thermal patterns are summarized in Table 6, which compares heat flow, temperature
at 100 m depth, and their geological interpretation.

High heat flow (>100 mW-m~2) aligns with elevated temperatures (>40 °C at 100 m) in
Galicia and the Levantine sector, while low values in the Northern Meseta and southwestern
Iberia (<43 mW-m~2; <25 °C) indicate a stable cold crust. Intermediate conditions in the
Central System-Calatrava area (53-71 mW-m~2; 30-45 °C) reflect a moderate regime mainly
driven by radiogenic heat. Overall, the broad spatial agreement between heat flow and
temperature at 100 m supports the regional consistency of the thermal interpretation, while
the local differences highlight the influence of thermal conductivity, lithology, groundwater
circulation, and data distribution.
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Figure 11. Spatial distribution of temperature at 100 m depth across the area under study.

Table 6. Heat flow sectors and geological interpretation in the Iberian Peninsula.

Typical Heat Flow o . .
Sector (mW-m—2) Temp. at 100 m (°C) Geological Interpretation
NW—Galicia 119-154 40-74 Radiogenic peraluminous granites; intense
Hercynian fracturing
Levantine—Betic area 96154 35.55 Mediterranean lithospheric thinning; Neogene

Pyrenees—-Cantabrian

Central System—Calatrava
Northern Meseta
SW—Huelva—-Alentejo

magmatism; transtensional tectonics

64-96 20-35 Alpine shortening; reactivated
Mesozoic intrusions

Radiogenic granitic batholiths; Neogene

53-71 3045 o~

extension in Calatrava
22-43 15-25 Cold crustal block; thick lithosphere (>120 km)
5.0 10-20 Cooled Variscan root; absence of post-Permian

magmatic input

3.6. Integrated Fuzzy Favourability Map

The fuzzy integration of the Geophysical Favourability Index (FI_geof) and subsurface
temperature at 100 m depth was performed using FuzzyLinear and FuzzyLarge member-
ship functions, respectively, and combined through a weighted average of 60% FI_geof and
40% temperature. A detailed description of the procedure is provided in Section 2.3.2 and
in the Supplementary Material.

The sensitivity analysis showed that varying the FI_geof weight between 0.50 and
0.80 produced changes of less than 3% in the mean FI_geot value, while the main regional
spatial patterns remained stable. The 0.60:0.40 configuration therefore provided a balanced
representation of the geophysical structure and subsurface thermal conditions without sub-
stantially altering the location of the highest-favourability zones. The resulting FI_geot map
was subsequently reclassified into five percentile-based favourability categories (Figure 12).
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Figure 12. Integrated geothermal favorability map obtained through weighted fuzzy logic.

The highest FI_geot values were concentrated in the geothermal domains of Galicia,
where heat-flow values range from 119 to 154 mW m~2, and in the Levante-southeastern
sector, where values range from 96 to 154 mW m~2 [40].

Spatial coincidence analysis showed that 94% of the high-heat-flow areas coincided
with cells where both p_FI_geof and p_Temp exceeded 0.7. In addition, 92% of the 54 IHFC
reference locations were consistent with the predicted favourability pattern. Because the
thermal observations contributed to the construction of the temperature at 100 m surface
and the IHFC reference locations also contributed to the weighting of the geophysical
component, these comparisons should be interpreted as internal thermal-consistency as-
sessments rather than as fully independent external validation.

The resulting FI_geot map represents the final integrated product of the proposed
workflow and provides a continuous regional screening of geothermal favourability across
the Iberian Peninsula. High values identify areas where structural and thermal indicators
spatially reinforce one another, whereas lower values indicate weaker agreement between
the geophysical and thermal components. The map should therefore be interpreted as a
prioritization tool for subsequent local-scale investigation rather than as direct evidence of
an exploitable geothermal resource.

4. Discussion
4.1. Coherence Between Potential Fields and Lithospheric Structure

The spatial correspondence observed among the gravity and magnetic products re-
flects, at least partly, the regional-scale crustal architecture of the Iberian Peninsula. Broad
negative Bouguer anomalies over major sedimentary domains, including sectors of the
Ebro and Guadalquivir basins, are consistent with lower-density crustal materials and
sedimentary infill, whereas relatively positive anomalies in parts of the Iberian Massif may
reflect denser basement units and lateral variations in crustal density [41]. Sharp anomaly
gradients along the margins of the Pyrenees, Betic Cordillera, and major sedimentary basins
further suggest the influence of crustal contacts and inherited tectonic boundaries.
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The high spectral coherence values among Bouguer anomaly, pseudogravity, RTP, and
the vertical derivative indicate that these processed layers share broad spatial wavelengths
and regional structural patterns. However, their magnitude cannot be attributed exclusively
to a common lithological origin. The use of a common grid, normalization, interpolation,
and potential-field transformations introduces partial mathematical and spatial depen-
dence among the datasets, particularly because pseudogravity is derived directly from
the magnetic field. Consequently, spectral coherence values above 0.98-0.99 should be
interpreted as evidence of strong spatial correspondence rather than direct equivalence
between density and magnetic susceptibility.

Despite the methodological effects discussed above, the coincidence of coherent
anomaly belts with major geological domains suggests that part of the shared response
is geologically meaningful. Structures containing simultaneous density and magnetic-
susceptibility contrasts, such as mafic intrusions, metamorphic basement blocks, lithologi-
cal contacts, and fault-controlled zones, may contribute to the observed spatial patterns.
The RTP transformation highlights regional magnetic belts that may reflect contrasts in
magnetic mineral content, lithology, alteration, and source depth, whereas pseudogravity
facilitates comparison with the gravity field but should not be interpreted as a direct esti-
mate of subsurface density. Likewise, the approximately north—south directional structure
identified in the magnetic datasets may reflect inherited Variscan and Alpine structural fab-
rics. These interpretations remain regional and indirect and require confirmation through
local geological and geophysical observations.

4.2. Coherence Between Subsurface Temperature and Heat Flow

The integration of temperature at 100 m depth into the fuzzy favourability analysis
provides a complementary assessment of the regional thermal pattern. Broad spatial
agreement is observed in Galicia, where heat-flow values range from 119 to 154 mW m 2
and temperatures at 100 m depth range from 40 to 74 °C, and in the Levante region, where
heat flow ranges from 96 to 154 mW m~2 and temperatures at 100 m depth range from
35 to 55 °C. These coincident high values support the internal consistency of the thermal
indicators used in the model, although temperature at 100 m should not be considered an
independent validation dataset because it forms part of the fuzzy integration [20].

In contrast, the Northern Meseta shows comparatively low temperatures at 100 m
depth, between 15 and 25 °C, together with low to moderate heat-flow values of
22-43 mW m~2. This behaviour is consistent with the comparatively high thermal conduc-
tivity of granitic and gneissic formations, approximately 2.8-3.4 W m~! K~!, which may
favour heat diffusion and reduce the geothermal gradient developed for a given heat-flow
value [31].

These regional contrasts show that subsurface temperature and heat flow are related
but not spatially equivalent. Their correspondence is additionally controlled by thermal
conductivity, lithology, groundwater circulation, topography, near-surface boundary condi-
tions, and the distribution and depth of the available borehole measurements. Therefore,
the combined interpretation of temperature, heat flow, geothermal gradient, and thermal
conductivity provides a more reliable basis for geothermal favourability assessment than
the use of any single thermal variable.

4.3. Geothermal Implications of the Favourability Index

The integrated favourability index combines satellite-derived potential-field informa-
tion with subsurface thermal data through spatial interpolation and weighted fuzzy logic.
High FI_geot values broadly coincide with regions characterized by elevated heat flow
(>96 mW m~2) and geothermal gradients above 30 °C km ™!, particularly in Galicia and
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the Levante—Betic sector. This spatial agreement supports the regional consistency of the
integrated index and indicates that favourable thermal conditions commonly occur where
geophysical and thermal indicators reinforce one another.

The correspondence between high FI_geot values and major structural domains sug-
gests that faults, fractured zones, intrusive bodies, crustal contacts, and lithological contrasts
may contribute to the observed geothermal favourability. However, the index should not
be interpreted as demonstrating a unique or direct causal relationship between density
contrasts, magnetic susceptibility, and subsurface heat. Instead, it represents a regional
screening tool that identifies areas where multiple indirect indicators coincide [42,43].

Local mismatches remain evident, particularly in parts of Galicia, where high heat-flow
values exceeding 140 mW m~2 may coincide with only moderate FI_geof or FI_geot values.
These discrepancies are consistent with geothermal anomalies dominated by radiogenic
heat production in peraluminous granites, which may generate strong thermal responses
without producing equally pronounced magnetic contrasts. This limitation indicates that
the coherence-based geophysical component is more sensitive to structures with combined
density and magnetic-susceptibility contrasts than to purely radiogenic heat sources.

Therefore, the highest-favourability classes should be interpreted as priority areas for
further investigation rather than as direct evidence of exploitable geothermal resources.
Local-scale validation using geological mapping, hydrogeological data, geochemistry,
seismic or magnetotelluric surveys, and exploratory drilling would still be required before
resource development.

Previous geothermal assessments in the Iberian Peninsula have addressed different
components of geothermal potential, including deep EGS resource estimation, magnetic-
derived thermal characterization, predictive subsurface-temperature mapping, shallow
geothermal energy quantification, and district-scale hydrogeothermal favourability. Table 7
compares these approaches in terms of study scale, input information, methodology, vali-
dation or uncertainty assessment, and reported quantitative outputs. Because the studies
evaluate different geothermal-resource types and apply non-equivalent performance crite-
ria, their numerical indicators should not be interpreted as directly comparable measures
of model accuracy.

The comparison indicates that previous Iberian studies have generally focused on in-
dividual components of geothermal assessment, such as deep thermal-resource estimation,
subsurface-temperature prediction, shallow-energy quantification, or local hydrogeother-
mal screening. In contrast, the present study quantitatively compares alternative global
gravity and magnetic products, harmonizes them within a common spatial framework,
derives a geophysical index from their spectral correspondence, and integrates this informa-
tion with temperature at 100 m depth through weighted fuzzy logic. The main contribution
is therefore not a direct estimate of recoverable energy or subsurface temperature, but a con-
tinuous regional screening of areas where independent structural and thermal indicators
spatially reinforce one another.

Accordingly, the highest-favourability classes should be interpreted as priority ar-
eas for subsequent investigation rather than as direct evidence of exploitable geothermal
resources. Local-scale assessment using geological mapping, hydrogeological and geochem-
ical information, higher-resolution geophysical surveys, and exploratory drilling would
still be required before any resource-development decision.
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Table 7. Comparison of previous geothermal assessment approaches applied in the Iberian Peninsula.

Study

Study Area and Scale

Main Data and Method

Validation/Uncertainty

Quantitative Output

Chamorro et al.
(2014) [44]

Iberian Peninsula;
regional
deep-geothermal scale

Heat-flow and
subsurface-temperature
modelling for theoretical
EGS resource estimation

Comparison with
regional thermal
information

Temperatures
modelled between 3.5
and 9.5 km;
theoretical EGS
potential > 700 GWe

Catalonia study

Catalonia; regional 3D

494 boreholes and
geographic—thermal

ROC, precision-recall,

Reported accuracies

) variables analysed error metrics, and of 90.7% at 50 m and
(2022) [45] thermal mapping through hybrid multitask ~ ensemble uncertainty ~ 86.3% at 150 m
deep learning
Lithology, thermal Regional

Murcia study
(2021) [46]

Murcia; regional
shallow-geothermal
scale

properties, climate, and
system parameters
integrated using the
GIS-based G.POT method

Sensitivity to
subsurface and
climatic parameters

shallow-geothermal
energy and specific-
extraction-potential
maps

Geological, structural,

Serra da Estrela, hydrogeochemical and Hydrochemical and Conceptual model of
Guarda study 471 Central Portugal; local  isotopic integration for isotopic consistency of  deep thermomineral
uarda study [47] hydrogeothermal conceptual modelling of gr oundyvater circulation controlled
scale the Caldas de Manteigas circulation and by fractured granitic
thermomineral system recharge pathways structures
Alternative gravity and o .
magnetic models, heat Weight-sensitivity 94% S%atlal "
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and lithology integrated
through geostatistics,
spectral coherence, and
weighted fuzzy logic

regional heat-flow
patterns and 54 IHFC
locations

reference locations;
~20% in the highest
favourability category

4.4. Methodological Limitations and Uncertainty

Although the results are consistent with previous regional studies and demonstrate

the applicability of the proposed workflow to the Iberian Peninsula, several methodological

limitations must be acknowledged. The thermal database is spatially uneven, with borehole

observations concentrated in selected areas, which increases interpolation uncertainty in

poorly sampled regions. In addition, some historical records lack site-specific thermal-

conductivity measurements, requiring the use of representative or constant values that may

not capture local lithological variability.

Moreover, the 199 thermal measurement locations used to generate the temperature at

100 m surface were not statistically independent of the final FI_geot model. Consequently,

the spatial agreement with heat-flow and geothermal-gradient information should be

interpreted as an internal thermal-consistency assessment rather than as fully independent

external validation.

Further uncertainty arises from the spatial resolution and processing of the global

gravity and magnetic products. Resampling, interpolation, normalization, and potential-

field transformations were required to establish a common spatial framework, but these

procedures do not increase the intrinsic physical resolution of the original datasets. The

geophysical favourability component is also based mainly on gravity-magnetic spatial

correspondence and therefore does not explicitly include other controls on geothermal

resources, such as permeability, fluid availability, reservoir depth, hydraulic connectivity,
or geochemical conditions.

The remaining mismatch between the model and some IHFC reference points was

mainly observed in areas characterized by elevated radiogenic heat production but only

moderate geophysical favourability. This indicates that gravity-magnetic coherence may
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underestimate geothermal favourability where thermal anomalies are predominantly con-
trolled by radiogenic crustal sources rather than by strong density or magnetic-susceptibility
contrasts. Consequently, FI_geot should be interpreted as a regional screening and priori-
tization tool rather than as direct evidence of an exploitable geothermal resource. Future
work should incorporate denser thermal observations, site-specific thermal properties,
permeability and hydrogeological information, and complementary geophysical meth-
ods such as seismic and magnetotelluric surveys, followed by local field validation and
exploratory drilling.

The uncertainty assessment performed in this study focused primarily on the sen-
sitivity of FI_geot to the relative weighting of FI_geof and temperature at 100 m depth.
A complete propagation of uncertainty from the original gravity and magnetic products,
geostatistical interpolation, thermal measurements, and fuzzy-membership parameters
was not undertaken. Future work should address these components through spatially
explicit probabilistic or Monte Carlo approaches.

5. Conclusions

This study developed a regional-scale framework for assessing geothermal favoura-
bility across the Iberian Peninsula by integrating global gravity and magnetic products
with subsurface thermal information. The quantitative comparison showed that EGM2008
and EMAG2 provided the most suitable reference datasets within their respective groups,
whereas WGM2012 and WDMAM2 were retained as complementary products for repre-
senting broader regional variability.

The geostatistical workflow enabled the harmonization of datasets with different
spatial resolutions and sampling characteristics, producing internally consistent potential-
field surfaces. The processed gravity and magnetic layers reproduced major regional
geological patterns, including sedimentary basin lows, crustal gradients, and structurally
complex domains associated with the Iberian Massif, the Pyrenees, and the Betic Cordillera.

The high correlations observed among Bouguer anomaly, pseudogravity, RTP, and
vertical-derivative products indicate strong spatial correspondence among the processed
layers. However, these relationships are influenced by their common spatial support,
normalization, interpolation, and mathematical dependence, and should therefore not be
interpreted as direct physical equivalence between density and magnetic susceptibility.

The integration of FI_geof with temperature at 100 m depth through weighted
fuzzy logic identified the highest geothermal favourability mainly in Galicia and the
Levante—Betic sector. These areas also coincide with elevated heat-flow values and geother-
mal gradients, supporting the regional consistency of the integrated index. Approximately
20% of the study area was classified within the highest favourability category.

The proposed FI_geot should be interpreted as a regional screening and prioritiza-
tion tool rather than as direct evidence of an exploitable geothermal resource. Its main
limitations arise from the uneven spatial distribution of thermal observations, the in-
trinsic resolution of the global potential-field products, and the reduced sensitivity of
gravity—magnetic coherence to geothermal anomalies dominated by radiogenic heat pro-
duction. Local geological, hydrogeological, geochemical, and geophysical investigations
remain necessary before resource development.

Overall, the methodology provides a reproducible approach for identifying priority
areas for further geothermal exploration in large and incompletely characterized regions.

Supplementary Materials: The following supporting information can be downloaded at https:
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