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Abstract 
 

Numerical simulations of heat flow density have been made for ten localities in the Beiras 

region of central Portugal where observational data are absent. The procedure adopted is 

based on results of deep crustal geophysical surveys and consider that the heat flow 

measured at the surface of the Earth results from the addition of heat generated in the crust 

by radioactive sources to that coming from the mantle. Radioactive heat sources in the 

region are heterogeneous and heat flow values at the surface depends on the thickness of 

upper crustal layers. Geotherms were obtained considering heat flow by conduction in the 

vertical direction. The models employed make use of data derived from geophysical 

surveys of Moho depths and detailed results related with seismic velocity distribution in 

the crust. In addition, results of radiometric surveys were employed in deriving heat 

production values for upper layers of the crust. A value around 35 mW m-2 was assumed 

for heat flow from the mantle. The resulting heat flow density values are similar to those 

found for areas with similar tectonic characteristics in NW Africa and in Southern Portugal. 

 

 

1. Introduction 
 

Results of deep crustal geophysical surveys usually 

provide the basis for understanding the framework of tectonic 

interactions occurring in near surface layers of the Earth. 

However, a major problem in study of associated crustal 

thermal regime is the low data density of heat flow in areas of 

geophysical surveys. For obvious practical reasons few deep 

heat flow measurements are carried out in localities along 

profiles of geophysical surveys. A convenient solution to this 

problem is numerical simulations of heat flow values that are 

compatible with crustal structure and results of deep 

geophysical surveys. This approach was adopted in the present 

work, where we consider that reasonable estimates of surface 

heat flow can be obtained based on geoid anomalies and 

crustal radiometric data.  

Our study was made in parts of Beiras Region located in 

Central Portugal, near the Spanish border, along the Western 

part of the Iberian Peninsula. It is located between latitudes 

39.8oN and 41.0oN and longitudes 6.8oW and 7.7oW. No heat 

flow measurements have been reported for this region. 

However, according to the Heat Flow Density Map of the 

Atlas of Geothermal Resources of Europe (2002) estimated 

heat flow values fall in the range of 50 and 60 mW m-2.  

The map of Figure 1 illustrates the general geological 

characteristics of northern Portugal in which the green 

rectangle indicates the location of the study area. 

Lamas et al (2017) reported abundances of Uranium, 

Thorium and Potassium in rocks representative of local 

geologic formations. These results have allowed 

determination of crustal heat production by decay of 

radioactive elements in the region. The locations of our study 

were chosen outside the fault regions to avoid perturbations in 

the heat conduction process. 

 

 
Figure 1 - Map illustrating the general geological characteristics of 

the Beiras region in northern Portugal (Codeco et al, 2017). The 

green rectangle indicates the study area. 
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2. Geologic Context 

 

Geologically speaking the main type of formations that 

outcrop at the surface in the region are granitic rocks 

surrounded by schists. Granites of three different ages with 

different contents of Uranium Thorium and Potassium 

appearing in formations of different thicknesses were 

identified in the region (Lamas et al, 2015; Veludo et al, 2017). 

Several faults traverse the region that has been subjected to 

intra plate deformation (De Vicente et al, 2018) since the 

Miocene originating several blocks in the crust with different 

Moho depth values (Dundar et al ,2016; Diaz et al, 2016) and 

different altitude values of the surface.  

Crustal thickness values considered here are coincident 

with Moho depth values obtained from seismic data (Dundar 

et al, 2016; Mancilla et al (2015); Diaz et al, 2016). The region 

is crossed by several faults. Two main active faults can be 

identified in the region. The Manteigas-Vilariça- Bragança 

fault located near the western border of the region on study, 

generated in Late-Variscan time and  reactivated by Alpine 

compression during the Cenozoic (Cabral,1995 ; Cabral et al, 

2010; Rockwell et al, 2009) and the Ponsul fault located in the 

SE of the region affecting basement rocks of the Centro 

Iberian Zone (Cabral, 2019). 

 

3. Methodology and Data Sets Employed 
 

In the absence of tectono-thermal processes, it is 

reasonable to argue that heat flow measured at the surface (Q0) 

include contributions from crustal heat sources (QC) as well as 

deep heat flow from the mantle (QM). Thus, Q0 is sum of 

crustal and mantle heat flux components: 

 

𝑄0 =  𝑄𝑐 + 𝑄𝑀                                  (1) 

 

It is further argued that estimates of mantle heat flow 

compatible with results of seismic surveys and determinations 

of geoid anomalies coupled with values of radioactive heat 

sources derived from crustal radiometric surveys provide 

reasonable constraints on heat flow at the surface. This is the 

essence of the approach adopted in the present work.  

The different layers of the crust and its thickness values 

were obtained from models of the region made with seismic 

data (Veludo et al, 2017). In addition to vertical profiles of 

seismic velocity distribution in the region, horizontal 

distributions of seismic velocities at different depths are also 

considered. Information from vertical profiles BB’, GG’ and 

HH’ as horizontal distribution of seismic velocities at different 

depths were selected for the present work. 

The ten points studied are located inside the region 

delimited by the blue rectangle in the map of figure 2. Table 1 

provides information on geographic coordinates and altitudes 

of the ten locations considered in the present work. Geotherms 

were obtained using the heat flow density values and 

considering steady- state heat conduction in the vertical 

direction (Duque, M.R., 2018). A value of 15°C was used as 

3temperature in the upper boundary of the model (temperature 

at the surface). Thermal conductivity data used for the lower 

crust was 2.1 WK-1 m-1 and for the upper crust 2.5 WK-1m-1. In 

the upper layers of the crust thermal conductivity values 

measured in the region were used considering the geological 

formation of the point considered and the thermal conductivity 

values obtained in measurements on samples collected in 

mainland Portugal. 

 

 
Figure 2 - Locations of seismic profiles (adapted from Veludo et 

al, 2017) and the region on study (blue rectangle). The red dots 

indicate epicenters of crustal seismic events. 

 
Table 1 - Point location and altitude values used. 

Point 

number 
Latitude N Longitude W Altitude (m) 

1 40.93 7.64 850 

2 40.60 7.64 660 

3 40.47 6.98 770 

4 40.79 7.19 500 

5 40.65 7.38 450 

6 39.89 6.97 350 

7 40.20 7.19 650 

8 40.00 7.50 450 

9 40.45 7.28 700 

10 40.37 7.42 800 

 

Heat production by decay of radioactive elements in the 

upper layers of the crust was obtained from Uranium, Thorium 

and Potassium content in the rocks (Lamas et al, 2015; Lamas 

et al, 2017) and natural gamma-ray charts (LNEG, 2013; IGM, 

1997) in the region (Duque, 2018b). A constant value of 0.1 

μW m-3 was used for heat production in the lower crust. No 

heat production was considered in the upper mantle. Values 

close to 35 mW m-2 were used for heat flowing from the 

mantle. The values obtained for the heat flow at the surface 

Qo, the heat generated in the crust Qc and the heat flowing from 

the mantle QM, are presented in Table 2. 
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Table2 - Heat flow density data at the surface Qo, heat flow 

originated in the crust Qc and heat flowing from the mantle QM. 

Point  

number 

Qo 

(mWm2) 

QC  

(mWm2) 
QC/QM 

1 81 46 0.57 

2 90 56 0.61 

3 94 59 0.63 

4 89 54 0.61 

5 90 55 0.61 

6 90 55 0.61 

7 81 46 0.57 

8 91 56 0.62 

9 99 64 0.65 

10 87 52 0.60 

 

In this table, the maximum value of surface heat flow (Qo) 

is 99 mW m-2 while the heat flowing from the mantle (QM) has 

a value of approximately 35 mW m-2. Thus, heat generated in 

the crust (Qc) comprise a fraction of 0.646 of Qo. Temperature 

value at Moho depth is 630oC. The layer between 21 and 22km 

makes the transition from the middle to the lower crust. The 

first layer of the model is formed by granites with high heat 

production values. 

Note that heat flow density values fall in the interval of 81 

and 99 mW m-2. This does not necessarily mean that heat flow 

density values lower than 81 mW m-2 or higher than 99 mW 

m-2 cannot exist in the region. The values obtained depend on 

heat production by radioactive sources of the crust and 

thickness of the layers where they are located. The highest heat 

production value used in the present work is 5 μW m-3 but 

values of 5.51 ± 1.34 μW m-3 were obtained in laboratory 

measurements (Miranda et al, 2015) using samples collected 

in the region. It is not possible to identify in the Gamma Ray 

Chart (LNEG, 2013; IGM,1997) the anomalous region 

associated with this value and it was concluded that the 

thickness and surface area of the formation would possible be 

too small to be detected in the chart. 

 

4. Results and discussion 

 

The thermal conductivity values adopted for the crustal 

layers at this site fall in the interval of 3.4 to 2.1 W/m/K, with 

larger values for upper crustal layers. Heat production values 

also follow a similar trend. The heat flow values found are 

similar to values occurring in other regions like NW Africa, 

South of Portugal and some regions in Spain (Rimi et al, 2005; 

Duque and Mendes Victor, 1993; Pollett et al, 2019). The heat 

flow value from the mantle was obtained from measured 

values in neighboring regions and the geoid height values 

obtained in the region, not explained by world gravity data 

maps (Bonvalot et al, 2012). 

Table 3 presents thermal conductivity and heat production 

values used and depth intervals considered in the study of site 

described as point 9. Five different depth intervals were 

considered. Negative depths indicate locations above mean sea 

level. 

Tables 4 presents data obtained from geotherms and crustal 

thickness used in the different models. A temperature interval 

of 17oC is obtained at 1 Km depth. Temperature values at this 

depth are influenced by altitude values of the surface (the point 

with the lowest temperature value (Point 6) has an altitude of 

350 m (above sea level) and the point with the highest value 

(Point 3) has an altitude of 770 m (above sea level). A 

temperature interval of 36oC was obtained at 10 Km depth. 

This value gives information about the heterogeneity of the 

region and the heat flow density values used. At 25 Km depth 

(lower crust) the temperature interval is 25oC. The temperature 

interval decreases with the increase in depth. At 90 Km depth 

its value is 7oC. We must remember that geotherms were made 

with models of heat conduction in the vertical direction. With 

two-dimensional model values of heat flow in the horizontal 

direction will appear and this value will tend to decrease. 

 
Table 3 - Parameter values used in the study of site described as 

point 9. 

Depth 

interval  

(Km) 

Thermal 

conductivity 

(W K-1 m-1) 

Heat 

production 

 (μ W m-3) 

-0.7 – 3.5 3.4 5 

3.5 – 12.0 3.15 2.7 

12.0 - 21.0 2.5 2.0 

21.0 - 22.0 2.3 1.23 

22.0 - 29.0 2.1 0.1 

 
Table 4 - Temperatures in Celsius degrees obtained for different 

depth levels (values referred to mean sea level). 

Point 

number 

Temperatures (0C) 

1 km 5 km 10 km 25 km 

1 59 143 256 529 

2 57 145 263 537 

3 64 166 278 539 

4 56 154 260 534 

5 52 149 262 536 

6 47 133 242 514 

7 55 147 249 519 

8 54 156 262 529 

9 62 160 264 533 

10 57 154 262 531 

 

Table 5 presents values deduced from geotherms and 

crustal thicknesses used in the different models. Ten models 

of the crust were considered and temperature values versus 

depth (geotherms) were obtained. In this table the depth values 

considered for Curie temperature (CPD values) is 570°C while 

the basal temperature of the lithosphere with thickness (LT) is 

1350° C.  

The percentage of heat generated in the crust varies from 

57 to 65% of the heat flow values obtained at the surface. The 

lower values appear associated with schist formations (point 7 

and point 10) where the content of radioactive elements is 

lower than in granites (1.93 and 1.9 μW m-3 respectively). 

Point 1 is located in a granite formation but with a low value 

of upper crust thickness. The highest values (point 3 and point 

9) are associated to granites with heat production values of 

3.42 and 5 μW m-3 respectively. 

Curie Temperature depth values are located in the interval 

from 27 Km to 29 Km. The highest values were obtained in 

point 6 and point 7, located in schist formations and in regions 

with higher crustal thickness values (31 Km). All CPD values 

are located in the lower crust and are higher than values 

obtained for the same region in studies using different 

methodologies (André et al, 2018). Lithosphere thickness 

values of 96 Km were obtained. These values are similar to the 

values found in the South of Portugal (Duque, 2018a). 
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Table 5 - Data obtained from geotherms and crustal thickness used. 

Point 

number 

CPD 

(km) 

LT  

(km) 

CT 

(km) 

1 28 96 30 

2 28 96 30 

3 28 96 30 

4 28 96 29 

5 27 96 29 

6 29 96 31 

7 29 96 31 

8 28 96 31 

9 28 96 30 

10 28 96 30 

 

Due to intra plate stress affecting the region (De Vicente, 

2018) vertical movements of the different blocks have 

occurred. Using geoid heights obtained in 2008 and 1996 

(Online geoid calculator-Source Forge) it is possible to obtain 

geoid height variation during the time interval mentioned. The 

beginning of this movement is not known and a time interval 

for its occurrence is not predictable. Due to the time interval 

associated with conductive processes direct relations using 

altitudes of the different points were not used. 

Figure 3 shows the relation between heat flow density 

values at the surface and geoid heights in 2008. Heat flow 

densities around 90 mW m -2 were found in places with geoid 

heights from 55.23 m to 56.35 m. Point 6 and point 8 (grey 

points) are located near the southern border of our region of 

study presenting lowest latitude values of the points studied. 

A linear trend seems to exist with values from points 7,4,2,5,3 

and 9 (orange points), suggesting a relation between heat 

generated in the crust and geoid height. 

We must say also that geoid values are higher than 55 m 

and lower than 57 m. This means that we are working with 

very high values of geoid height presenting alterations in low 

periods of time and the value increase in some points but 

decrease in other points. Figure 4 shows the relation between 

Geoid heights and differences between geoid heights obtained 

in years 2008 and 1996. 

Four different groups of values and one isolated point can 

be seen in Figure 4. No clear relation between geoid variations 

and heat flow values was detected. The values obtained show 

clearly that the blue point in the graph, with the highest value 

of geoid height (point 1) shows a variation of + 0.7341 m. 

Points 6 and 8 presenting lowest geoid height values, located 

in the lowest latitudes (39.89 and 40.00 N) show identical 

variation in geoid height. Yellow points (point 9 and 10) show 

identical variations but with a higher value than points 6 and 

8. Points 2 and 5 (orange points) shows the lowest variations 

in the group but in point 2 Geoid height is decreasing and in 

point 5 it is increasing. This fact suggest that mechanical 

aspects must be studied together with the thermal problem. 

This study is outside the scope of this work. 

 

5. Conclusions 
 

Heat flow density values located between 81 and 99 mW 

m-2 were obtained for ten points located in the region using 

seismic velocities distributions reported by Veludo et al (2017) 

in the region studied. 

 

 
Figure 3 - Relation between heat flow versus Geoid height at sites 

of the ten points considered in the present work. 

 

 
Figure 4 - Relation between Geoid height versus Geoid height 

variations (x 102) at sites of the ten points considered in the present 

work. 
 

Curie temperature (570°C) depth values of from 27 to 29 

km were found considering heat flow by conduction in the 

vertical direction. Temperature values of 1350°C (considered 

as representative of the thermal field at the bottom of the 

lithosphere) were found to occur at depths of 96 km. 

The upper and middle crust in the region in the study area 

very heterogeneous. Consequently, the difference between the 

heat flow density values arise is mainly from variations in 

radioactivity heat sources and thicknesses of the upper layers 

of the crust. The surface heat production values are compatible 

with laboratory measurements reported by Miranda et al 

(2015) using samples collected in the region. 

Due to the heterogeneity of the crust and the different 

values of the heat sources two and /or three-dimensional 

studies are needed to obtain a better understanding of the heat 

flow distribution in the region. 
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