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Abstract
Crustal geothermal data are of great interest for exploring energy resources, including hydrocarbons and medium- and 
high-enthalpy geothermal energy reservoirs. They are also of great interest in constraining the rheology of the Earth’s crust 
and its potential to generate earthquakes. In this work, the Curie temperature depth (CTD) and other regional geothermal 
parameters (geothermal gradient and heat flow) on the Iberian Peninsula were calculated through spectral analysis of 
magnetic anomaly data that have been used to understand the regional thermal structure in other parts of the world. The 
obtained results include maps of the CTD, geothermal gradient, and heat flow that were compared with those obtained by 
previous authors using other methodologies, as well as with direct data included in the Global Heat Flow Data Base in 
four tectonic areas (Madrid Basin, Basque–Cantabrian Zone, Ebro Basin/Pyrenees, and the western margin of the Valencia 
Trough). This analysis revealed a positive correlation between the direct values obtained from wells and those calculated 
from magnetic data and discovered different geothermal crustal structures in the four areas analysed.

Keywords  Curie temperature depth · Geothermal gradient · Heat flow · Magnetism · Spectral analysis · Iberian 
peninsula

Resumen
Los datos geotérmicos corticales son de gran interés para la exploración de recursos energéticos, incluidos los hidrocar-
buros y los yacimientos de energía geotérmica de media y alta entalpía. También son muy relevantes para determinar 
la reología de la corteza terrestre y su potencial generador de terremotos. En este trabajo se calcula la temperatura de 
profundidad de Curie (CTD, del inglés Curie temperature Depth) y otros parámetros geotérmicos regionales (gradiente 
geotérmico y flujo de calor) en la Península Ibérica mediante el análisis espectral de datos de anomalías magnéticas, un 
método utilizado para comprender la estructura térmica regional en otras partes del mundo. Los resultados obtenidos 
incluyen mapas de la CTD, el gradiente geotérmico y el flujo de calor, que se han comparado con los obtenidos por autores 
previos con otras metodologías, así como con los datos directos incluidos en la Base de Datos Global de Flujo de Calor 
en cuatro áreas tectónicas (Cuenca de Madrid, Zona Vasco-Cantábrica, Cuenca del Ebro/Pirineos y el margen occidental 
de la Surco de Valencia). Este análisis reveló, por un lado, una correlación positiva entre los valores directos obtenidos 
de sondeos y los calculados a partir de datos magnéticos y, por otro, mostró diferentes estructuras geotérmicas corticales 
en las cuatro áreas analizadas. 

Palabras Clave  Profundidad de temperatura de Curie · Gradiente geotérmico · Flujo de calor · Magnetismo · Análisis 
espectral · Península Ibérica
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1  Introduction

Thermal data from the interior of the Earth’s crust are 
essential for modern society. They support the exploration 
of energy resources, including hydrocarbons and medium- 
to high-enthalpy geothermal reservoirs (Stober & Bucher, 
2021). Thermal data are also important for analysing the 
rheological behaviour of the crust and its seismogenic 
potential. However, obtaining thermal data from the interior 
of the Earth is a lengthy and costly process, as it is achieved 
by measuring temperature at various depths through two 
main methods:

A)	 Heat flow probes are used to study the seafloor. These 
short devices (usually less than 15 m) are driven into 
the most recent sediments, and the temperature is mea-
sured using sensors along their length. The main issue 
with this technique is that the data are very superficial 
and are restricted to recent sedimentary cover, making 
it challenging to extrapolate them to greater depths or 
areas without recent sedimentary records.

B)	 Through wells or research galleries, which are com-
monly used in exploring for hydrocarbons, mining, 
and, in some cases, hydrogeological research. In this 
approach, three main methods are used (Stober & 
Bucher, 2021): measuring the bottom hole temperature 
(BHT), using a thermal probe to record temperature 
variations along the well ("temperature log"), and mea-
suring the temperature during production tests in hydro-
carbon wells. The main challenge with these methods is 
often related to the high cost and logistical complexity 
of drilling and maintaining wells. Thermal disturbances 
during drilling and sound operations and water convec-
tion processes might also interfere with the accuracy 
of measurements and might bias geothermal gradient 
estimation.

These factors mean that the thermal values measured can-
not be extrapolated to greater depths and/or over large areas 
without relative uncertainty.

1.1  Geophysical estimation of geothermal data at 
depth

Owing to the high cost of acquiring deep geothermal data, 
different authors have suggested the use of indirect data 
in geothermal resource exploration, including geochemi-
cal, geophysical, and geological methods (Glassley, 2015). 
Among these methods, the magnetic method stands out as 
the only one that directly provides information regarding 
temperature at a specific depth. This is because the magnetic 
behaviour of geological materials (rocks and minerals) is 

highly dependent on their temperature. Thus, any ferromag-
netic material characterized by a high and positive magnetic 
susceptibility (k) transitions to paramagnetic behaviour 
(low and positive k) when it reaches the so-called “Curie 
temperature” (CT). In the crust, iron and titanium oxides 
(titanomagnetites) are the primary sources of magnetic 
anomalies (O’Reilly, 1976) and are particularly abundant 
in igneous and metamorphic rocks. The titanium fraction 
is low in acidic igneous and metamorphic rocks, and the 
Curie temperature can be approximately 580 °C (the value 
for magnetite). However, in some basic rocks, the titanium 
fraction may be significant, and in such cases, the CT may 
decrease to values close to 500  °C. Thus, the Curie tem-
perature is generally assimilated to the value of magnetite 
(580  °C) for rocks with ferromagnetic minerals, namely, 
igneous and metamorphic rocks, that form the so-called 
“magnetic basement” and generate a strong magnetic sig-
nal. Owing to the absence of Fe‒Mg minerals, sedimentary 
rocks exhibit paramagnetic behaviour and generate very 
weak magnetic signals (Fig. 1).

1.2  Calculation of the Curie temperature depth 
(CTD)

The principle of the Curie temperature depth (CTD) calcula-
tion is widely described in the literature: the CTD is located 
where the ferromagnetic behaviour of rocks changes to 
paramagnetic at depth, assuming that this depth corresponds 
to the 580 °C isotherm. The calculation of the “average” or 
regional geothermal gradient involves the assumption of a 
linear temperature response from the surface to the CTD. 
(Fig. 1).

Historically, magnetic data have been used to estimate 
the CTD through spectral analysis in the Fourier domain. 
Thus, the depth at which the magnetic signal is lost is cal-
culated. On the basis of these spectral techniques, there are 
two main groups of calculation methods:

a)	 Methods that assume a random distribution of mag-
netic properties, as proposed by Bhattacharyya and Leu 
(1975), Okubo et al. (1985), and Tanaka et al. (1999). 
These methods typically involve analysing magnetic 
anomaly data by considering the statistical nature of the 
magnetic sources, enabling the estimation of the CTD 
on the basis of the depth of magnetic signal loss.

b)	 Methods that assume a fractal distribution of magneti-
zation, as developed by Bouligand et al. (2009), Li et 
al. (2013), and Salem et al. (2014). These approaches 
consider the self-similar and scale-invariant nature of 
geological features and offer a more sophisticated sub-
surface model, which may improve the accuracy of CTD 
estimation by accounting for the complex distribution 
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of magnetic sources. In some volcanic areas, the CTD 
method provides a deeper CTD than the fractal method 
does (e.g., Didas et al., 2022).

In this study, the Iberian Peninsula thermal structure was 
analysed by calculating the CTD and other geothermal 
parameters (geothermal gradient and heat flow) using spec-
tral analysis of magnetic data. The results were compared 
with those of previous studies and with direct thermal data 
measured at depth in four tectonic settings. The Iberian Pen-
insula was chosen for this regional analysis because of the 

availability of high-quality magnetic data and its diverse 
geological settings, which provide an excellent opportunity 
for comparison with measured geothermal data (Fig. 2A). 
To achieve this primary objective, it was necessary to 
accomplish a series of partial objectives, which included the 
following: A) Calculation of the reduced-to-the-pole (RTP) 
magnetic anomaly and sensitivity analysis of the minimum 
grid size necessary for performing spectral parameter cal-
culations. B) Creation of a regular sampling mesh centred 
every 50 km and the establishment of a set of 357 RTP mag-
netic anomaly grids for computing spectral calculations on 

Fig. 2  A Map of magnetic anomalies reduced to the pole on the Iberian Peninsula (data from Fletcher et al., 2011). B Tectonic zones of the Iberian 
Peninsula (modified from Vergés et al., 2019). The cartographic limits and units are used in the results and discussion sections

 

Fig. 1  Example of magnetic behav-
iour when an external magnetic 
field (Famb) acts to generate an 
induced magnetic field (Ji) in areas 
with A a low geothermal gradient 
(high CTD value) and B an area 
with a high geothermal gradient 
(low CTD value) (modified from 
Lillie, 1999)
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using data from EMAG2 (Maus et al., 2009). The data are 
referenced to a flight altitude of 1 km, and the resolution of 
the final grid is 0.01°, which is approximately 1000 m at the 
mean Iberian latitude. Finally, reduced-to-pole (RTP) mag-
netic anomalies were calculated for the inclination, declina-
tion, and reference date, and these values were resampled to 
a grid interval of 2000 m using kriging with a linear vario-
gram. The resulting grid formed the basis for estimating the 
depths of the magnetic sources and CTD (Fig. 2A).

Depth data from the Mohorovičić (Moho) discontinuity 
are essential for estimating heat flow because they depend 
on conductivity (K) and radiogenic production (A), which 
are very different in the crust and mantle (see explanation 
in Sect.  3). To calculate heat flow, we used the database 
compiled by Díaz et al. (2016; Fig.  3A), which includes 
data from deep controlled-source seismic profiles and pas-
sive seismic data from the Topo-Iberia Project (Gallart et 
al., 2015). Integrating both datasets creates a regional Moho 
surface that includes the Iberian Peninsula, its continental 
margins, and northern Morocco (Fig. 3A).

We used data from the Global Heat Flow Database 
(GHFDB) to calibrate the thermal results obtained from the 
magnetic data. This public database includes worldwide 
thermal data updated from 1938 to 2023 (Fuchs et al., 2023) 
and was established in 1963 by the International Heat Flow 
Commission (IHFC). This commission compiles global 
thermal data from 1939, encompassing geothermal gradi-
ent and heat flow data. From this extensive database, 1,264 
data points located within the study area were analysed 

the Iberian Peninsula. C) Determination of the CTD using 
the method of Tanaka et al. (1999) for the set of 357 grids 
of RTP magnetic anomalies. D) Estimation of the geother-
mal gradient and heat flow on the Iberian Peninsula by inte-
grating the calculated geothermal gradient values with the 
Moho depth map (Díaz et al., 2016). E) Comparison of ther-
mal data (geothermal gradient and heat flow) with previous 
results obtained by other authors and with direct data from 
boreholes in four different geological settings.

Finally, the applicability of the methodology and limita-
tions in identifying areas of potential interest for geothermal 
exploration are discussed.

2  Data description

The application of these methods for estimating CTDs 
requires high-quality magnetic data with appropriate spa-
tial coverage. Fortunately, on the Iberian Peninsula, various 
magnetic databases with high-quality data are accessible 
(Ardizone et al., 1989; Dyment et al., 2020). However, for 
this study, we used high-resolution data, licenced by Repsol. 
The magnetic database was compiled and leveled by Getech, 
which processed terrestrial and marine data acquired by 
Repsol and the Spanish Geological Survey (IGME-CSIC) 
(Fletcher et al., 2011). The database includes data from vari-
ous aeromagnetic flights and marine surveys that cover the 
entire surface of the Iberian Peninsula and its adjacent areas. 
To achieve a continuous grid, Getech filled the survey gaps 

Fig. 3  A Map of the depth of the Moho discontinuity, derived from 
the dataset compiled by Díaz et al. (2016). The circles represent the 
GHFDB data (Fuchs et al., 2023), whereas the coloured circles denote 
the boreholes used for comparison with the parameters calculated from 

the magnetic data. B Map of the average land surface and seafloor tem-
peratures (°C) obtained from the Copernicus Climate Change Service 
database of the European Union (​h​t​t​p​s​:​​​/​​/​c​l​i​m​a​​t​​e​.​c​o​p​e​r​n​i​c​u​​s​.​e​u​/)
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spectra of the total field anomaly (ΦΔT) can be simplified by 
assuming radial symmetry.

Φ∆T (kx, ky) = ΦM (kx, ky) × F (kx, ky)

= 4π2C2
m |θm|2 |θf |2

(
1 − e−2|k|(Zb−Zt)

)2� (1)

where ΦM is the power density spectrum of the magneti-
zation, Cm is a proportionality constant, and m and f are 
factors for the magnetization direction and the geomagnetic 
field direction, respectively.

This equation can be simplified by considering that all 
terms are radially symmetric, except |Θm|2 and |Θf|2, and that 
the radial averages of Θm and Θf are constants. Thus, the 
radial average of ΦΔT can be defined as follows:

Φ∆T (|k|) = Ae−|k|Zt1 − e−|k|(Zb−Zt)2� (2)

where A is a constant. For wavelengths greater than twice 
the thickness of the layer, Eq. (1) becomes:

lnΦ∆T (|k|)
1/2 = ln B − |k| Zt

� (3)

where B is a constant, and we can calculate the top of the 
magnetic source (Zt) on the basis of the slope of the mag-
netic anomaly spectrum.

Moreover, Equation [3] for long wavelengths can be 
rewritten as follows:

Φ∆T (|k|)
1/2 = Ce−|k|Z0e−|k|(−d)

− e−|k|(d) ∼ Ce−|k|Z02d |k|
� (4)

where C is a constant and 2d is the thickness of the magnetic 
source. Finally, this equation can be expressed as follows:

ln

{[
Φ∆T (|k|)

1/2
]/

|k|

}
= ln D − |k| Z0� (5)

where D is a constant and Z0 is the magnetic centroid depth. 
In this way, the upper boundary of the magnetic source (Zt) 
and the centroid (Z0) can be estimated by fitting a straight 
line to the high- and low-wavenumber segments of the 
radial spectrum, respectively. Finally, the basal depth of the 
magnetic source (Zb or Curie temperature depth, CTD) is 
as follows:

Zb = CTD = 2Z0 − Zt� (6)

(Fig. 3A). In this study, only the highest-quality data were 
used; data obtained at depths of less than 300 m were dis-
carded because of their lower representativeness of deep 
thermal data. After filtering, four study areas were defined 
to assess the results in different geological contexts, encom-
passing 83 deep wells with thermal data. The four selected 
areas are the Madrid Basin, the Basque–Cantabrian Zone, 
the Ebro Basin/Pyrenees, and the continental margin of the 
Valencia Trough (Fig.  3A). All these data correspond to 
hydrocarbon exploration and production wells.

Surface temperature data are necessary to estimate the 
geothermal gradient accurately (see methodology below). 
In this study, terrestrial surface temperature data from the 
Iberian Peninsula and ocean floor temperature data from 
the Copernicus Programme (Climate Change Service of the 
European Union) were used. To obtain the final map, ter-
restrial surface temperature data for 2012 were used, and the 
annual average was calculated. Similarly, the same calcula-
tion was performed for the sea floor temperature. Finally, 
all the data were integrated into a single regular grid with a 
2000 m cell size (Fig. 3B).

3  Methodology

The basics of CTD estimation are presented below, fol-
lowed by an explanation of the workflow used to calculate 
the derived thermal variables (geothermal gradient and heat 
flow).

3.1  Calculation of Curie temperature depth (CTD)

Two fundamental methods exist for estimating the CTD 
from magnetic data. On the one hand, one method utilizes 
the shape of the magnetic anomaly (Bhattacharyya & Leu, 
1975). On the other hand, one method analyses the statisti-
cal properties of magnetic anomaly patterns (Spector and 
Grant, 1970). Both methods provide a relationship between 
the spectrum of magnetic anomalies and the depth of a mag-
netic source.

The method proposed by Tanaka et al. (1999) is based on 
Spector and Grant (1970) and assumes that the top boundary 
(Zt) and the centroid (Z0) of a magnetic source are calcu-
lated from the power spectrum of the magnetic anomalies. 
These two values can be used to estimate the basal depth of 
a magnetic source (Zb). The method assumes that the layer 
extends in all horizontal directions for the analysed grid, 
that the depth of the top boundary of a magnetic source is 
small compared to its horizontal scale and that the magneti-
zation M(x,y) is a random function of x and y. Under these 
conditions, Blakely (1996) reported that the power density 
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3.2  Geothermal gradient calculation

Once the average CTD is calculated for each grid, an aver-
age geothermal gradient for the centre of each grid can be 
estimated. To calculate this gradient more realistically, aver-
age surface temperature or ocean floor temperature values 
were used as the surface temperature (Fig. 3B). In this way, 
the following expression defines the geothermal gradient.

GG =
(

TC − Tsup

Zb

)
� (7)

where TC is the Curie temperature (580 °C), Tsup is the sur-
face (or ocean floor) temperature, and Zb is the Curie tem-
perature depth (CTD) calculated using Equation [6].

3.3  Heat flow calculations

For heat flow (Q0) calculations, we followed the method-
ology proposed by Andrés et al. (2018), which considers 
whether the CTD is located above or below the Moho dis-
continuity (Fig. 5). To achieve this, it is necessary to com-
pare the CTD values with the depth of the Moho (Díaz et 
al., 2016), resulting in two cases depending on whether the 
CTD is above or below the Moho surface.

An example of a power spectrum from magnetic anomaly 
data, along with the fitting of two segments of the power 
spectrum slope, is shown in Fig.  4. The segment with a 
higher wavenumber (K) corresponds to the upper boundary 
(magnetic basement top, Zt). In contrast, the segment with 
a lower value of K corresponds to the centroid depth (Z0) 
of a horizontally extending magnetic layer. The basal depth 
of the magnetic signal (Zb) corresponds to the CTD and 
reflects an average depth in the grid used for the calculation. 
The calculation of the radial spectra of magnetic anomalies, 
as well as the slopes of the high and low segments of the 
spectrum, was performed using Oasis Montaj software and 
its 2D frequency domain data processing module (Fig. 4B).

Since the centroid value is calculated in the low segment 
of the spectrum (longer wavelengths), a sufficiently large 
grid size is necessary to capture the lowest frequencies and 
observe the spectrum’s decline. Only when the spectrum 
shape is well defined in its low segment can its slope be 
reliably calculated (and consequently, the value of Zb). The 
minimum size of the magnetic anomaly grid is discussed 
further in the sensitivity analysis.

Fig. 4  A Example of the estima-
tion of Z0 and Zt values from 
the slope of the radial magnetic 
anomaly spectrum (modified from 
Tanaka et al., 1999). B One of the 
357 RTP magnetic anomaly grids 
(175 km grid size) used to calculate 
geothermal parameters. C Radial 
energy spectrum and calculation of 
Z0, Zt, and Zb for this grid (see text 
for explanation)
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where AC is the crustal heat production (1 µW/m3), Am is 
the mantle heat production (0  µW/m3), KC is the crustal 
conductivity (2.2 W/m·°C), Km is the mantle conductivity 
(2.7 W/m·°C), T0 is the surface temperature, TC is the Curie 
temperature (580 °C), CTD is the Curie temperature depth 
(m), and Zm is the Moho depth (m).

3.4  Grid size sensitivity analysis

Given the importance of the minimum magnetic grid size 
analysed to estimate the centroid depth, a sensitivity analysis 
of this parameter was developed. A set of square RTP mag-
netic anomaly grids with different side lengths was created 
to achieve this (Fig. 6A). The centre of all these grids was 
located in the centre–western part of the Iberian Peninsula 
to ensure a sufficient richness of high- and low-frequency 
magnetic signals. For this analysis, Zt (top of the magnetic 
source), Z0 (centroid depth), and CTD were calculated start-
ing from a grid with a side length of 50 km and progres-
sively increasing in size until reaching a maximum size of 
300  km (Fig.  6A). Table 1 and Fig.  6 present the results 
of the CTD values and geothermal gradient-calculated grid 
size. The results indicate that smaller grid sizes (< 125 km) 
yield geothermal gradient results that are out of range and 
unstable. Beyond this threshold, the values of the CTD and 
the geothermal gradient stabilize, albeit with some variation 
due to the increased surface area analysed. A grid size of 
175 km was selected to ensure sufficient coverage for both 
the aerial and marine data. To obtain a regional distribu-
tion of CTD values, a regular mesh of 357 sampling points 
spaced 50 km apart was designed (Fig. 7), and at each sam-
pling point, a 175 km-long RTP magnetic anomaly square 
grid was defined. The central point of each grid was used to 

A)	  For CTD values located above the Moho discontinu-
ity, it is assumed that both heat production (Ac) and 
conductivity (Kc) correspond to the average values of 
the Earth’s crust. Therefore, the radiogenic heat produc-
tion value used (Ac) is 1 µW/m3, and the chosen crustal 
thermal conductivity value (Kc) is 2.2 W/m·°C. In this 
case, the heat flow (Q0) is calculated using the follow-
ing expression:

 

QO = Ac · CTD

2
+ (TC − T0) · Kc

CTD
� (8)

where AC is the crustal heat production (µW/m3), CTD is 
the Curie temperature depth (m), TC is the Curie tempera-
ture (580 °C), T0 is the surface temperature (or ocean floor 
temperature, °C), and KC is the crustal thermal conductivity 
(2.2 W/m·°C).

B)	 For CTDs located below the Moho, mantle productivity 
(Am) and thermal conductivity (Km) values of 0 µW/m3 
and 2.7 W/m·°C, respectively, are assumed, in addition 
to the crustal values above the Moho. The expression 
used for the calculation of heat flow in this case is as 
follows:

 

QO =

[
(TC − T0) + A · Zm · (CTD − Zm)/Km

+ A · Z2
m

/
2 · Kc

]
[

Zm

Kc
+ (CTD − Zm)/Km

] � (9)

Fig. 5  Two possible cases for the calculation of geothermal flow. Left: 
The CTD is located above the Moho, and only the values of conductiv-
ity and crustal heat production (Kc and Ac, respectively) are assumed. 

Right: The CTD is situated below the Moho, and both the conductivity 
and heat production values of the crust (Kc and Ac, respectively) and 
the mantle (km, Am) are used (modified from Andrés et al., 2018)
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discussion, as shown in Fig.  2B. Finally, the calculated 
parameter values were compared with the measured values 
from the well data.

4.1  Curie temperature depth (CTD) map

As previously indicated, the CTD map illustrates the depth 
at which the magnetic signal disappears. Consequently, high 
CTD values imply areas with a lower geothermal gradient 
and typically correspond to cold and rigid continental crust 
regions. Conversely, areas with low CTD values indicate a 
high geothermal gradient associated with thinned crust or 
areas that have undergone more recent tectonic–magmatic 
processes. The CTD distribution map is shown in Fig. 8, with 
calculated values ranging from 25.2 km on the Iberian Mas-
sif (Central System) to an absolute minimum of 11.2 km on 
the southeastern Iberian Peninsula. The average CTD value 
for this dataset is 17.98 km. This suggests that, for the con-
tinental crust, the map depicts variations in thermal param-
eters that impact the upper and middle crust. Despite its low 
spatial resolution (lateral variations > 50 km), the map shows 
a correlation with first-order geological units: areas with 
deeper CTD values mainly correspond to the Iberian Mas-
sif, particularly the Central Iberian Zone, which represents 
the part of Iberia that was not subjected to rifting processes 
during the Mesozoic. In contrast, shallower CTD values are 

calculate the thermal parameters, resulting in a grid overlap 
of more than one-third of the grid size.

4  Results

The following sections present the maps calculated for the 
CTD, geothermal gradient, and heat flow derived from 
magnetic data using the previously described methodology. 
The boundaries of the tectonic zones proposed by Vergés 
et al. (2019) were superimposed to aid in the analysis and 

Table 1  Results obtained from the sensitivity analysis of the grid size 
of the RTP magnetic anomaly using spectral analysis (the grids used 
and results are shown in Fig. 6A)
Grid size (Km) Zt (m) Z0 (m) CTD (m) GG (°C/Km)
50 4518 – – –
75 4458 – – –
100 4366 9222 13,078 44,35
125 4199 10,778 16,357 35,46
150 4192 11,822 18,452 31,43
175 4099 11,556 18,013 32,20
200 4127 11,549 17,971 32,27
250 4178 11,334 17,490 33,16
300 4215 11,480 17,745 32,69
Zt, top of the magnetic basement; Z0, centroid depth; CTD, Curie 
temperature depth; and GG, geothermal gradient

Fig. 6  A RTP magnetic anomaly grids used for the sensitivity analy-
sis of the minimum grid size to be used in the spectral calculation 
of geothermal parameters (ranging from 50 to 300 km in length). B 

Representation of the Zt, Z0, and Zb (Curie temperature depth) and C 
geothermal gradient versus different grid sizes. The selected grid size 
for spectral analysis is shown (175 km)
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to the south, affecting the Betic Cordillera and the southern 
edge of the Iberian Massif, with a more pronounced varia-
tion than that observed in the Pyrenees. This pattern could 
be related to more recent tectonic activity in these southern 
regions.

Despite its regional nature, the map allows the inference 
of several first-order discontinuities (crustal faults) that are 
likely to impact the upper to middle crust. Among these 
faults, the contact between the southern limit of the Cen-
tral System and the Cenozoic Tagus Basin is notable and 
involves a vertical displacement of several kilometres in the 

present in Atlantic areas (Gulf of Cádiz) and, mainly, in the 
Mediterranean Sea (western margin of the Valencia Trough 
and the Alboran Sea). The shallowest CTD values are found 
within the continental zone in the Basque–Cantabrian Zone, 
southeastern Iberian Peninsula, Iberian Range, and Catalan 
coastal ranges. The situation appears more complex in the 
Pyrenees and the northern Iberian Peninsula, with low CTD 
values in the Basque–Cantabrian Zone and the central sec-
tor of the Pyrenean Axial Zone, as well as in the northern 
and southern regions of Galicia (NW Iberian Peninsula). 
This alternation of highs and lows in the CTD also appears 

Fig. 7  Map showing 357 sample points (regularly spaced every 50 km), where spectral analysis of RTP magnetic anomalies (Fletcher et al., 2011) 
and geothermal parameter calculations were performed
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4.2  Geothermal gradient map

The average geothermal gradient (Fig. 9) in the study area is 
33.2 °C/km, ranging from 23 °C/km in the Central System 
to an absolute maximum of 52 °C/km in the Mediterranean, 
southeastern Iberian Peninsula. The distribution of geother-
mal gradient values closely follows the pattern observed in 
the CTD map. Minimum geothermal gradient values are on 
the Iberian Massif (especially in the Central System). Low 
values are also found in southeastern Galicia (NW Iberia) 
and some sectors of the Betic Cordillera. Conversely, the 
maximum geothermal gradient values are located in the 

ferromagnetic basement (De Vicente and Muñoz Martín, 
2013) and the NNE‒SSW faults on the northwestern Iberian 
Peninsula (De Vicente et al., 2011).

In the Iberian Range, there is a minimum parallel to 
the Mediterranean coast, and to the west, there is a paral-
lel maximum, which is unrelated to the Variscan part of the 
crust. The maximum ends against the neighbouring minima, 
forming an arc. This structural arrangement could explain 
the large-scale isostatic uplift of the central part of the Ibe-
rian Range, with the consequent incision of the river net-
work (Casas-Sainz and De Vicente, 2009).

Fig. 8  Curie temperature depth (CTD) map derived from spectral analysis of magnetic data
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are primarily associated with the Mediterranean region, par-
ticularly the extended continental crust between the Iberian 
Peninsula and the Balearic Islands and the oceanic crust 
between Algeria and the southeastern Peninsula. In this 
area, the Balearic Islands correlate well with a minimum 
in thermal flow, likely because of less crustal extension and 
a relatively thicker crust, typically resulting in lower heat 
flow than in more extensively thinned regions.

The maximum heat flow values in southeastern zones 
align with recent volcanic activity in SE Iberia (volcanic 
areas of Calatrava, Murcia–Almería, Columbretes, and 
Alborán Island). These areas benefit from the geothermal 
effects of underlying magmatic activity, contributing to 

Mediterranean Sea, southern and eastern Iberian Peninsula. 
The maximum geothermal gradient values for the continen-
tal zone are in the Basque–Cantabrian Zone and the E and 
SE areas of the Iberian Peninsula. Additionally, a maximum 
gradient appears in the Ossa Morena Zone within the Ibe-
rian Massif.

4.3  Heat flow map

The distribution of heat flow values calculated under the 
assumption of a homogeneous crust and heat transfer by 
conductivity (Eqs. (7) and (8)) is shown in Fig.  10. The 
zones of highest thermal flow (reaching up to 122 mW/m2) 

Fig. 9  Geothermal gradient map (°C/km) calculated from spectral analysis of magnetic data
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southwestern Peninsula, encompassing the Ossa Morena 
and South Portuguese Zones.

Given the correlation of the map with the geology of 
the Iberian Peninsula, it is possible to identify some less 
apparent anomalies. High thermal flow values are present 
in the Cenozoic basins of Almazán and northern parts of the 
Duero and Ebro Basins. These maxima seem to border the 
eastern limit of the Iberian Massif. Within the Betic Cordil-
lera, the Sierra Nevada area is highlighted by an east‒west 
maximum in the Granada Basin that ends towards the west. 
Generally, this range is characterized by abrupt changes in 

increased heat flow. On the other hand, the Olot volcanic 
area (NE Iberia) does not appear to have maximum heat 
flow values on the thermal flow map. In the peninsula inte-
rior, the maximum heat flow values are in the Basque–Can-
tabrian Zone, the axial zone of the Pyrenean Range, and 
some sectors of the Betic Cordillera and its northwestern 
front. Lower heat flow values (62 mW/m2) are primarily 
located on the Iberian Massif, notably in the Central Iberian 
Zone, the Central System, and the area southeast of Gali-
cia. Other places with low heat flow values include specific 
sectors of the Betic Cordillera, the Iberian Range, and the 

Fig. 10  Heat flow map (mW/m2) calculated from spectral analysis of magnetic data
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near the Valencia Trough (Catalan Coastal Ranges). These 
authors identified additional minor regional geothermal 
resources, predominantly in areas with springs or thermal 
waters (e.g., in Galicia and the other regions in the Centro 
Iberian Zone). There is no evident correlation between these 
observations and the CTD data or the geothermal gradient 
estimated from magnetic data for these cases. The under-
lying cause may be related to the heat transfer mechanism 
in these locations, which is associated with the upwelling 
of deep fluids along structural discontinuities affecting the 
upper crust. These fractures likely act as genuine conductive 
zones that focus heat transfer to the surface predominantly 
through advection rather than conduction. This heat transfer 
mechanism was not considered in this study because of the 
regional scale of work and the assumptions made for heat 
flow calculations, which assume that heat transfer occurs 
exclusively through conduction. Another reason might be 
that the geothermal resources in these areas are representa-
tive of very local anomalies, whereas the estimations from 
magnetic spectra are smoothed out by the data windowing 
procedure, providing only regional indications (Didas et al., 
2022).

Other authors (Andrés et al., 2018) have calculated 
geothermal parameters on the Iberian Peninsula using dif-
ferent magnetic data with an alternative sample grid and 
employing a different methodology through Pycurious soft-
ware (Mather and Delhaye, 2019), which assumes a fractal 
distribution of magnetic elements in the crust. The results 
obtained are very similar in terms of values and distribution 
to those obtained in this work, demonstrating the robustness 
of the spectral analysis of magnetic data in the regional cal-
culation of thermal parameters.

5.2  Comparison with thermal well data

Comparisons were made between the results of this work 
and the direct geothermal depth data obtained from the 
Global Heat Flow Database (GHFDB) in four areas of the 
Iberian Peninsula (Fig.  3A, Table  2). The regions were 
selected on the basis of geological criteria (different tectonic 
contexts) and the availability of sufficient wells with reli-
able data. Despite the limited number of deep wells in the 
Madrid Basin (only three), they were included in the analy-
sis because of the reliability of the data obtained from these 
wells. Notably, some of these wells were drilled explicitly 
for geothermal exploration (San Sebastian and Tres Can-
tos), and the temperature values were carefully corrected. 
To analyse the two types of data, the gradient and geother-
mal flow values calculated in this work and those measured 
in wells are represented in X/Y scatter plots. For this pur-
pose, the calculated grid values derived from the magnetic 
data were extracted for each well. On the X-axis, the direct 

heat flow values (short wavelengths), which also occur with 
variations in active stresses (De Vicente et al., 2008).

5  Discussion

The method used in this study enables the calculation of 
mean CTD values for an average surface area (175 * 
175 km), assuming a random distribution of magnetic mate-
rials, and, for heat flow, a purely conductive behaviour and 
a homogeneous crust. Owing to the last assumption, the 
observed variations in heat flow (Fig. 9) may also be influ-
enced by other factors, such as lithological heterogeneity, 
especially in the continental crust. In this sense, such maps 
do not consider crust with high heat-producing capacity 
(e.g., crust with a high content of granites rich in radiogenic 
minerals). Nevertheless, these results are consistent on a 
regional scale, and the values are within the range of those 
of previous studies based on various methodologies.

5.1  Comparison of results obtained by previous 
authors

In this work, it is helpful to compare the data calculated 
from magnetic data with those of medium- and high-
enthalpy resources because of their greater extent and 
regional characteristics. In this sense, our results were com-
pared with maps of medium- and high-enthalpy geothermal 
resources published by IDAE/IGME (Guzmán et al., 2011). 
The coincident zones of high potential between the results 
of this work and those proposed by Guzmán et al. (2011) 
for medium- and high-enthalpy geothermal energy are the 
Basque–Cantabrian Zone, the Madrid Basin, the area indi-
cated on the southeastern Iberian Peninsula, and the area 

Table 2  A summary of the well data used for the four analysed zones 
is shown in Fig. 3A
Selected 
zones

N Max GG 
(°C/Km)

Min GG 
(°C/Km)

Min heat flow 
(mW/m^2

Max 
heat flow 
(mW/m^2

Madrid 
Basin

3 40 31 70 86

Vasco-
Canta-
brian 
zone

27 37 22 69 113

Ebro 
Basin/
Pyrenees

22 41 22 65 113

Valen-
cia’s 
Through

31 46 28 59 122

N, number of wells; Max GG, maximum geothermal gradient value 
(°C/km); Min GG, minimum geothermal gradient value (°C/km); 
Min heat flow: minimum heat flow value (mW/m2); and Max heat 
flow: maximum heat flow value (mW/m2)
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The distributions of heat flow values (mW/m2) measured 
in boreholes and those estimated from magnetic data are 
shown in Fig. 11B. Despite the scatter, a behaviour similar 
to that observed with geothermal gradient data is evident, 
with a linear trend fit and positive slopes of low magnitude. 
This graph also indicates that the heat flow data measured 
in boreholes are always somewhat higher than the thermal 
data calculated from magnetic data. In the case of heat flow, 
all slopes are similar, which is not the case for the geother-
mal gradient in the Valencia Trough. Although the data from 
the Madrid Basin, Ebro/Pyrenees Basin, and Basque–Can-
tabrian Zone are less scattered, the data from the continental 
margin of the Valencia Trough are more scattered, with heat 
flow values exceeding 100 mW/m2 both in wells and from 
magnetic data. The maximum flow values are on the margin 
of the Valencia Trough and the Basque–Cantabrian Zone, 
and they are lower and very similar in the Ebro Basin/Pyre-
nees and the Madrid Basin. The heat flow values from wells 
are significantly greater than those derived from magnetic 
data, with greater differences than in the case of geothermal 
gradients. This difference is likely related to two aspects: a) 
the different scales between the calculations derived from 
magnetic data and direct observations (as also occurs in the 
case of the geothermal gradient); and b) the data obtained 
from wells reflecting additional heat transfer mechanisms 
that are not considered in the study methodology, such as 
heat transfer associated with the circulation of hot fluids 
from deep origins through conductive zones (advective 
mechanisms). The results indicate that, as with the geother-
mal gradient values, magnetic data enable the calculation 

geothermal data (°C/km) are represented, and on the Y-axis, 
the geothermal data obtained from the magnetic data are 
displayed (Fig. 11).

The geothermal gradient data plotted in Fig. 11A show, 
despite the scatter, a similar trend for the four analysed 
areas. This trend is linear with a positive slope, and the 
gradient values measured in wells are somewhat more sig-
nificant than those estimated from the magnetic data. This 
could be because the values calculated from magnetic data 
are “regional” average values that may be considered “mini-
mum” gradient values. The slope of the trend line is sim-
ilar to the lower gradient values in the Madrid and Ebro/
Pyrenees Basins. The values from the Basque–Cantabrian 
Zone show higher geothermal gradient values in both data 
types and a slope similar to those of the previous two areas. 
The western margin of the Valencia Trough has higher geo-
thermal gradient values, with more similar values between 
the measured and calculated data but with greater disper-
sion. Despite the dispersion, the results allow us to deduce a 
higher value of the geothermal gradient in the Basque–Can-
tabrian Zone, western margin of the Valencia Trough, and 
somewhat lower and very similar gradients in the Madrid 
Basin and in the Ebro/Pyrenees Basin. The magnetic data 
results facilitate the identification of areas with elevated 
geothermal gradient values, as measured in wells. It is plau-
sible that the higher values observed in wells may be attrib-
uted to the influence of additional heat transfer mechanisms 
beyond conduction and the presence of local geological het-
erogeneities that are not discernible through the methodol-
ogy employed in this study.

Fig. 11  Scatter plots showing geothermal parameter data calculated from the spectral analysis of magnetic data and well data. A Geothermal gradi-
ent values (°C/km). B Geothermal heat flow (mW/m.2)
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b)	 The heat flow calculations from magnetic data assume a 
conductive behaviour without accounting for other ther-
mal transfer mechanisms (convection/advection).

c)	 The radiogenic production and conductivity values 
employed for the crust and mantle have remained con-
stant throughout the Iberian Peninsula. Despite this sim-
plification, the maps illustrate variations that reflect the 
compositional heterogeneity of the crust above the CTD 
in crusts of similar ages and thicknesses.

The geothermal results from magnetic data should be 
complemented on a smaller scale with detailed geological 
characterization, considering local heterogeneities and other 
conductive/advective thermal transport mechanisms.
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