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Abstract

Geothermal energy is a locally available, low-carbon resource that may support heat supply,
building decarbonisation and regional energy diversification in non-volcanic crystalline set-
tings. This study proposes an exploratory GIS-based approach for geothermal favourability
mapping in the Guarda District, Central Portugal, where Hercynian granites, major fault
systems and thermal and mineral water occurrences define a structurally controlled hydro-
geothermal framework. Hydrogeochemical data from 54 groundwater abstraction points
were integrated through silica-derived apparent geothermometric indicators, classical
hydrothermal-parameter estimation and Empirical Bayesian Kriging Regression Prediction
(EBKRP). Apparent silica-derived temperature indicators, circulation depth, geothermal
gradient and theoretical thermal power were estimated, with log;g transformed thermal
power used as the dependent variable and distance to major mapped faults as the structural
covariate. Apparent silica-derived temperature indicators range from 21.3 °C to 121.2 °C,
with a mean of 64.6 °C, while estimated geothermal gradients range from 20.3 °C/km to
92.1 °C/km. Higher estimated values occur preferentially near NE-SW and NNW-SSE
fault systems, suggesting that structural permeability may influence deep groundwater
circulation. The interpretation explicitly acknowledges that, in low-temperature systems,
dissolved silica may be influenced by chalcedony or amorphous silica control, as well as by
cooling, mixing and incomplete re-equilibration during fluid ascent. The resulting map

W) Check for updates is interpreted as a screening-level favourability product, not as a definitive assessment

of exploitable geothermal resources, and supports the prioritisation of future structural
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Giantuca Groppelli mapping, geophysical surveys, exploratory drilling, borehole temperature logging and

applied geothermal assessment in fractured granitic terrains.
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1. Introduction

Geothermal energy is widely recognised as a renewable resource with social, environ-
mental and energy-security relevance [1]. Although its exploitation has traditionally been
associated with volcanic or high-enthalpy settings, non-volcanic crystalline terrains may
also host low- to medium-enthalpy hydrothermal systems, particularly where groundwater
circulation is controlled by faults, fractures and deep structural discontinuities [2—4]. Re-
cent studies from fractured granitic and crystalline basement terrains in southwest China,
Taiwan and Central Europe have further demonstrated the scientific and applied relevance
of these systems in non-volcanic crustal settings [5-8].

On the global scale, geothermal electricity production remains concentrated in a lim-
ited number of countries, which account for more than 80% of the installed capacity [9,10],
estimated at approximately 16.2 GW across nearly 480 power plants [11]. In low- to
medium-enthalpy systems, however, geothermal exploitation is commonly more suited to
direct uses, including heating, building heating and cooling, and other thermal applications,
thereby avoiding the conversion losses associated with electricity generation [12].

In non-volcanic crystalline regions, reservoirs with temperatures between approxi-
mately 20 °C and 100 °C may support direct applications such as district heating, building
heating and cooling, balneotherapy, greenhouse heating, aquaculture and low-temperature
industrial processes [12-17]. The Lindal diagram provides a reference framework for link-
ing geothermal fluid temperature to suitable uses [17], while cascade utilisation allows the
same resource to be exploited sequentially at decreasing temperature levels, increasing over-
all system efficiency [18] (Figure 1). Coupling these systems with geothermal heat pumps
and closed-loop configurations may further enhance the use of moderate-temperature
resources, particularly in decentralised heating and cooling solutions for buildings and
agricultural facilities [19-21].

Figure 1. Conceptual scheme of cascade utilisation for geothermal fluids below 100 °C, illustrating
sequential direct-use applications at decreasing temperature levels, adapted from Ferreira Gomes
(2007) [22].

Portuguese geothermal resources are characterised by a clear contrast between insular
volcanic settings, where high-enthalpy systems occur, and the mainland, where low- to
medium-enthalpy hydrothermal systems predominate [18,23-26]. On the mainland, these
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systems are mainly associated with deep groundwater circulation along late Hercynian fault
systems [18,27]. The national geothermal inventory identifies approximately 61 geothermal
and thermal occurrences in Portugal, mainly in the northern and central regions, associated
with NE-SW and NNW-SSE fault systems [28]. Examples such as Chaves and Sao Pedro
do Sul demonstrate the feasibility of low- to medium-enthalpy resources for balneotherapy,
building heating and cooling, and other hydrothermal uses [18,29-31].

The Guarda District, dominated by Hercynian granitic rocks and hydrothermal mani-
festations such as Longroiva, Manteigas, Cr6 and Almeida [32-34], provides a favourable
geological and hydrogeological setting for deep groundwater circulation within fractured
massifs and granite-metasedimentary contacts. Although local deep borehole data are
scarce, the possibility of locally enhanced geothermal gradients is supported by comple-
mentary evidence, including the national geothermal inventory [28], the spatial association
between thermal waters and major faults [18,32], previous estimates for the district [33]
and regional deep borehole data [35].

Low-enthalpy geothermal energy has gained increasing relevance in national energy
and climate policy frameworks, particularly due to its potential contribution to decarboni-
sation, efficient heating and cooling, and district heating networks [36,37]. This strategic
context, reinforced by the Strategic Plan for Geothermal Energy [28] and European fund-
ing mechanisms [38], supports the relevance of geothermal favourability mapping in the
Guarda District as a tool for regional energy planning.

The present study develops an exploratory GIS-based approach to geothermal favoura-
bility mapping in the Guarda District, integrating silica-derived apparent geothermometric
indicators, hydrothermal-parameter estimation and Empirical Bayesian Kriging Regression
Prediction (EBKRP). The proposed workflow aims to estimate apparent hydrogeothermal
screening indicators, assess their spatial relationship with major mapped fault systems
and generate a preliminary favourability map to support the identification of priority
areas for future geothermal exploration, validation and applied assessment in fractured
granitic terrains.

2. Theoretical Background and State of Knowledge
2.1. Operational Temperature and Enthalpy Framework Adopted in This Study

The classification of geothermal systems according to reservoir temperature or en-
thalpy provides an operational criterion for assessing geothermal favourability and guiding
potential uses, ranging from heating and cooling applications to direct uses and, under
suitable conditions, electricity generation [39,40].

In non-volcanic crystalline environments, such as Hercynian granitic massifs, low
primary permeability means that groundwater circulation is largely controlled by frac-
tures, faults and weathered zones. Structural connectivity, continuity at depth, recharge
conditions and the balance between conductive and convective heat transfer influence
reservoir temperature and thermal productivity, as demonstrated from pioneering hot dry
rock studies [41] to recent investigations of fractured granitic systems [7,8,42,43]. Deep
faults may therefore act as preferential pathways for hydrothermal circulation and exert
major control on the spatial distribution of thermal anomalies [44,45].

In this study, the temperature and enthalpy classification is used only as an operational
framework for interpreting the results, following criteria applied in geothermal literature
and Portuguese geothermal studies [22,39,46], although some variability in threshold
values is acknowledged, including the approximate 25 °C limit for very low-enthalpy
systems [39]. Table 1 provides a framework for assessing the potential applicability of the
estimated values. The >100 °C class indicates higher relative thermal potential but does not
imply direct feasibility for conventional electricity generation, which is generally associated
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with temperatures > 150 °C. Possible binary-cycle applications depend on discharge rate,
reinjection conditions, conversion efficiency and economic viability [15,47-49].

Table 1. Operational classification of geothermal systems adopted in this study, based on reservoir
temperature and potential applications, adapted from Ferreira Gomes (2007) [22] and Dickson and
Fanelli (2003) [39].

Category Adopted in This Study Temperature Range Main Potential Applications

Direct uses and, only under favourable flow-rate,
reinjection, technological and economic

Higher relative thermal potential >100°¢C conditions, possible future techno-economic
assessment
Direct uses, including district heating, thermal
Low- to medium-enthalpy 20-100 °C bathing, aquaculture, agriculture, industry and
building heating/cooling
Very low enthalpy <20 °C Shallow geothermal systems and building

heating/cooling applications

2.2. Exploration Methods and GIS-Based Geothermal Favourability Assessment

Geothermal favourability assessment in non-volcanic crystalline terrains requires the
integration of geological and structural information with hydrogeochemical, geophysical
and geospatial data [50-53].

Hydrogeochemical methods are useful for deriving apparent silica-based geothermo-
metric indicators and for inferring mixing, recharge and circulation processes in hydrother-
mal systems [54-57]. However, in fractured granitic aquifers, flow heterogeneity, variable
residence times and mixing with meteoric waters may reduce the reliability of silica geother-
mometers and ionic equilibrium indicators [50,54,55,58]. Such estimates should therefore
be interpreted as preliminary hydrogeochemical indicators and integrated with structural,
geophysical and hydrogeological information [59]. In this context, silica-based estimates
are used as comparative indicators of water-rock interaction and possible circulation depth,
rather than as definitive evidence of equilibrium with a specific silica polymorph. In Por-
tuguese granitic and sulphurous-water systems, silica geothermometry has been applied as
a regional comparative tool since the pioneering work of Aires-Barros (1979) [60], and later
in studies addressing alkaline sulphurous waters and granitic hydrogeothermal system:s,
including Calado (2001) [61], Morais (2013) [62] and Ferreira Gomes et al. (2015) [63].

Arnérsson (2000) [64] emphasised that the applicability of silica geothermometers
depends on the temperature range, mineral equilibrium conditions and hydrogeochem-
ical evolution of geothermal fluids. In low-temperature systems, dissolved silica may
be controlled by chalcedony or amorphous silica rather than quartz equilibrium, and
temperature estimates may be affected by dilution, cooling and mixing processes. Conse-
quently, silica-derived temperatures should be evaluated together with the geological and
hydrogeological context and interpreted with caution where thermodynamic equilibrium
cannot be demonstrated. In regional-scale exploratory studies, silica geothermometers
may nevertheless provide useful comparative indicators of relative hydrothermal circu-
lation intensity and water-rock interaction processes. Geophysical methods complement
geothermal assessment by characterising subsurface structure, fault continuity, fractured
domains, conductive zones and thermal regimes at depth, providing an important basis for
validating areas of predicted hydrothermal favourability [44,50,53].

Geographic Information Systems support geothermal assessment by integrating ge-
ological, structural, hydrogeochemical, thermal and geophysical data within a spatial
framework [64-68]. These approaches commonly use interpolation, geostatistical mod-
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elling and multicriteria analysis based on variables such as geothermal gradient, fault
proximity, transmissivity, lithology, heat flow and geomorphological conditions [69-71]. In
this study, EBKRP was adopted as an exploratory screening method because it combines
regression, spatial prediction, explanatory covariates and uncertainty assessment [71-74].
Fault proximity was used as a structural covariate to predict theoretical thermal power in
fractured granitic terrains. The resulting map expresses relative geothermal favourability,
not recoverable resources, and should therefore be interpreted as a preliminary spatial
model constrained by limited subsurface information [75].

3. Study Area
3.1. Geographic and Geomorphological Settings

The Guarda District in Central Portugal has a strongly contrasted geomorphological
setting, with elevations ranging from approximately 101.5 m to 1991.9 m and culminating
in the Serra da Estrela, the highest mountain range in mainland Portugal (Figure 2). This
altitudinal gradient defines a compartmentalised landscape of mountains, plateaus and
structural valleys, influencing surface runoff, recharge, infiltration and regional ground-
water circulation. The Serra da Estrela and Serra da Marofa represent important recharge
sectors, where high elevation and reactivated late Hercynian structures favour infiltration
and deep circulation. Incised valleys may act as preferential discharge zones, while the
contrast between smoother eastern landforms and more structurally controlled western
plateaus influences secondary permeability and deep groundwater flow [76].
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Figure 2. Geographic and geomorphological context of the Guarda District, Central Portugal.

3.2. Geological, Structural and Hydrogeothermal Setting

The Guarda District lies within the Central Iberian Zone of the Hesperian Massif and
is dominated by Hercynian granitic rocks, locally associated with metasedimentary units
of the Schist-Greywacke Complex (Figure 3). This lithological setting favours fracture net-
works and secondary permeability, which are essential for deep groundwater circulation in
crystalline terrains [76]. The regional structure is marked by late Hercynian and neotectonic
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faults, mainly oriented NE-SW, NNW-SSE, NNE-SSW and WNW-ESE. These faults define
the main fracture corridors and may control infiltration, deep circulation and hydrothermal
upflow, particularly where fracture zones, shear corridors and lithological contacts enhance
permeability within the granitic massif [2,26,76].
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Figure 3. Geological and structural framework of the Guarda District, showing the main lithological
units, mapped fault systems and special groundwater occurrences.

The Guarda District contains several special groundwater occurrences, a term used
here to include both officially classified natural mineral waters and other groundwater
occurrences with hydrochemical relevance to the regional hydrogeothermal framework.
Among these, Longroiva is the only site officially classified as a geothermal resource, due
to its approved exploitation plan for direct geothermal uses [18,32,77]. Longroiva, Cré,
Almeida, Cavaca and Manteigas are commonly associated with major faults, structural
intersections or granite-metasedimentary contacts, supporting a conceptual model of
structurally controlled hydrothermal circulation [33,34]. Hydrogeochemically, sulphurous
waters predominate among the analysed occurrences, followed by hyposaline and alkaline
sodium—calcium waters, generally with low to moderate mineralisation and dissolved silica
contents compatible with water-rock interaction in granitic environments [33]. In these
fissured granitic and metasedimentary aquifers, groundwater flow, water—rock interaction
and hydrothermal discharge are mainly governed by the connectivity of faults, fracture cor-
ridors, shear zones and lithological contacts [2,76-80]. Similar processes have also been re-
ported in crystalline settings of Central and Northern Portugal [80-82]. Table 2 summarises
the main classified natural mineral waters in the Guarda District, including estimated
circulation depth, apparent silica-derived Tr indicator and geological-hydrogeological
context [33,34].

Groundwater recharge varies markedly across the Douro, Mondego and Tejo river
basins (Figure 4a), ranging from approximately 71 L/m?/year in the Douro basin to
218 L/m?/year in the Tejo basin. Higher recharge occurs mainly in the Mondego and Tejo
sectors, where elevation and terrain dissection may favour infiltration. Unit discharge
ranges from 0.04 L/s in the Douro basin to 0.11 L/s in the Mondego basin (Figure 4b),
suggesting spatial differences in groundwater availability and potential subsurface flow
paths relevant to hydrothermal discharge.
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Table 2. Main classified natural mineral waters in the Guarda District, with estimated circulation
depth, apparent silica-derived Tr indicator and geological-hydrogeological context, adapted from
DGEG [34] and Marcos [33].

Dr

Location (km) Tr (°O) Geological-Hydrogeological Context
Caldas da Cavaca ~2.00 ~101.04 Fractured granite; emergence close to fault intersection
Caldas e Fonte 110 ~73.06 Fractured porphyritic granite; structurally influenced by
Santa—Manteigas ' ' the Manteigas fault
Caldas do Cré ~2.00 ~99.51 Fractured granite; NNE-SSW and W-E tectonic node
Fonte Santa de Almeida 145 ~73.06 CoarsAe po.rphyrltlc granite; structurally associated with

the Coa River fault

Termas de S. Miguel ~1.05 ~70.73 Porphyritic biotite granite; semi-confined aquifer system
Termas de Longroiva 19 10934 Highly fractured granite; artesianism related to

schist-granite fault contact

Dr—estimated circulation depth; Tr—apparent silica-derived indicator.
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Figure 4. Spatial distribution of the Douro, Mondego and Tejo river basins in the Guarda District,
showing: (a) mean annual groundwater recharge, expressed in L/m?/year; and (b) unit discharge,
expressed in L/s.

4. Materials and Methods
4.1. Dataset and Methodological Workflow

This study uses hydrogeochemical data from 54 special groundwater abstraction
points in the Guarda District [33], covering fractured Hercynian granites, granite—
metasedimentary contacts, mapped fault zones, mountain recharge areas, plateau surfaces,
structural valleys and lower-elevation discharge sectors. Although spatially irregular, the
dataset captures the main lithological, structural and geomorphological settings relevant to
a screening-level geothermal assessment. Apparent silica-derived temperature indicators,
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circulation depth, geothermal gradient and theoretical thermal power were estimated and
integrated in a GIS environment using Empirical Bayesian Kriging Regression Prediction
(EBKRP), with distance to major mapped faults as the structural covariate for the prelimi-
nary geothermal favourability map (Figure 5). The methodological workflow included the
following steps:

(i) Compilation and standardisation of the groundwater dataset;

(ii) Estimation of apparent silica-derived temperature using silica geothermometers;

(iii) Calculation of circulation depth and geothermal gradient using classical hydrothermal
relationships;

(iv) Estimation of theoretical thermal power;

(v) Calculation of distance to major mapped fault systems;

(vi) Spatial modelling using EBKRP; and

(vii) Validation and interpretation of the resulting geothermal favourability map.

Hydrogeological balance Modelos de Rybach (1990) > Screening-level

+

Dissolved silica
concentration

+

Discharge rate

4

Apparent silica-derived Tr

indicator

geothermal favourability

Estimated circulation dept
(Dr)

Theorical thermal power
(P) (DiPippo, 2015)

4

EBK REGRESSION
PREDICTION (EBKRP)

> Relative fayourability
Zoning

X CROSS-VALIDATION

Statistical Methods

Geothermal Potential Map

Figure 5. Methodological workflow adopted for the exploratory GIS-based geothermal favourability
assessment of the Guarda District [15,83].

4.2. Silica Geothermometry and Hydrothermal Parameters

The apparent silica-derived temperature indicator, Tr, was calculated from dissolved
silica concentration, C (mg/L), using the classical silica geothermometric equations [58,81],
as systematised by Ferreira Gomes (2015) [77] (Table 3). This methodological choice follows
previous hydrogeothermal studies in the Guarda District and in comparable Portuguese
sulphurous waters hosted by Hercynian granitic fractured systems, where silica-based equa-
tions provided the most convergent and stable temperature estimates [33,77]. The approach
was retained to ensure comparability with the regional Portuguese hydrogeothermal litera-
ture, particularly studies developed in Hercynian granitic and sulphurous-water systems.
This methodological choice is also consistent with the Portuguese hydrogeothermal litera-
ture on granitic massifs, where quartz conductive and adiabatic silica geothermometers
have been used as regional comparative indicators in meteoric-water systems circulating
through fractured Hercynian granites [60-63,84,85]. Previous studies have also shown that,
in granitic terrains, dissolved silica may be influenced by water—rock interactions with sili-
cate minerals and not exclusively by equilibrium with a single silica polymorph [62,84-87].

Amorphous silica geothermometer controls may be more appropriate in some low-
temperature groundwater systems [64]. However, because the present work aims at
regional comparison with previous Portuguese studies conducted in fractured Hercynian
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granitic terrains, and because the available dataset does not allow rigorous equilibrium
assessment for each sampled water, the quartz-based formulations were retained as a
consistent comparative framework. Their outputs are therefore interpreted exclusively as
apparent hydrogeochemical indicators and not as equilibrium reservoir temperatures.

Table 3. Silica geothermometric equations retained from the regional Portuguese reference methodol-
ogy and used in this study to derive apparent silica-derived temperature indicators.

Geothermometer Equation Limitation = Author
Conductive Quartz Tr =1309/(5.19 — log C) — 273.15 0-250 °C [85]
(Silica) Tr=1164/(49 —logC) — 273.15  25-180 °C [58]
Adiabatic Quartz (Silica) Tr =1522/(5.75 — log C) — 273.15 0-250 °C [85]
(Silica) Tr=1498/(5.7 — log C) — 273.15  25-180 °C [58]

Note: The terms quartz and silica refer to the original nomenclature of the equations reported in the cited sources.
In this study, these formulations are not used to infer quartz-water equilibrium or absolute reservoir temperature.
Considering the possible role of chalcedony or amorphous silica at lower temperatures, the resulting Tr values are
interpreted only as apparent, comparative, screening-level hydrogeochemical indicators.

The quartz geothermometric equations are therefore not used here to demonstrate
thermodynamic equilibrium with quartz, nor to provide absolute reservoir-temperature
estimates. Instead, the calculated Tr values are interpreted as apparent and comparative
hydrogeochemical indicators for regional geothermal screening. This interpretation explic-
itly acknowledges that, in low-temperature systems, dissolved silica may be influenced
by chalcedony or amorphous silica control, as well as by cooling, mixing and incomplete
re-equilibration during fluid ascent. Therefore, the selection of the silica equations adopted
in this study is based not solely on general temperature thresholds but also on comparabil-
ity with previous Portuguese hydrogeothermal studies developed in fractured Hercynian
granitic and sulphurous-water systems. This cautious interpretation is consistent with gen-
eral geothermometric guidance for low-temperature geothermal systems, while preserving
comparability with the regional Portuguese reference methodology.

Circulation depth and geothermal gradient were estimated using the classical approach
of Rybach (1990) [83], applied here to the apparent silica-derived temperature indicator,
discharge temperature and geothermal gradient.

T,=Tg+Gx P (1)

where T; is the temperature at depth P;, Ty is the local discharge or near-surface reference
temperature, and G is the geothermal gradient. This relationship was applied to each
analysed point to estimate circulation depth and geothermal gradient, enabling regional
comparison of hydrothermal circulation patterns across the Guarda District.

4.3. Theoretical Thermal Power Calculation

The theoretical available thermal power was calculated using the classical geothermal
engineering expression [15]:

P=QxpxCpx (T; —Tg) (2)

where P is the theoretical thermal power, expressed in W; p is the density of water; C,,
is the specific heat capacity of water; Q is the discharge rate, expressed in m3/s; T, is
the apparent silica-derived temperature indicator, expressed in °C; and Tg is the adopted
reference temperature, expressed in °C. In this study, standard values of p = 1000 kg m3
and Cp, = 4186 ] kg ! °C~! were adopted.

A basin-specific reference temperature, Ty, was assigned to each abstraction point

according to its location within the Douro, Mondego or Tejo river basin. These values,
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obtained from the hydrogeological dataset [33], range from 9.51 °C to 11.51 °C and were
used to calculate the temperature difference between the apparent silica-derived temper-
ature indicator, Tr, and the reference condition. Discharge values from the same dataset,
originally reported in L/s, were converted to m?/s before estimating theoretical thermal
power. These values are treated as standardised inputs for preliminary assessment, not
as validated sustainable production rates; therefore, uncertainty in Q propagates directly
into the calculated thermal-power values and was considered when interpreting the spatial
favourability model.

4.4. EBKRP Spatial Modelling and Fault-Distance Covariate

Spatial modelling was performed in ArcGIS Pro 3.4 using Empirical Bayesian Krig-
ing Regression Prediction (EBKRP), following Gribov and Krivoruchko (2020) [72] and
Krivoruchko and Gribov (2019) [73]. EBKRP combines regression and Empirical Bayesian
Kriging, allowing explanatory covariates and prediction uncertainty to be incorporated
into the model. The logarithm of theoretical thermal power, logo(P), was used as the
dependent variable to reduce distribution skewness, while distance to major mapped faults
was adopted as the structural covariate. A 1000 m fault-proximity buffer was used as a
regional screening criterion, considering the study scale, fault-mapping uncertainty and
the expected influence of fault-related fracture networks on secondary permeability. As
other variables were not available with homogeneous spatial coverage, the resulting map
is interpreted as a preliminary favourability model, not as a definitive quantification of
geothermal resources.

5. Results
5.1. Apparent Silica-Derived Temperature Indicators and Geothermal Gradient

Silica-derived apparent geothermometric indicators mostly fall within the low- to
medium-enthalpy range and should be interpreted as indicative estimates rather than direct
reservoir measurements, as discussed in Section 4.2. Apparent silica-derived temperature
indicators range from 21.3 °C to 121.2 °C, with a mean of 64.6 °C, showing marked spatial
heterogeneity across the Guarda District (Figure 6a). The highest values, including local
estimates above 100 °C, occur mainly in the Aguiar da Beira, Fornos de Algodres, Méda,
Trancoso, Pinhel, Figueira de Castelo Rodrigo and Almeida sectors.

Estimated geothermal gradients range from 20.3 °C/km to 92.1 °C/km, with a mean
of approximately 45 °C/km (Figure 6b). Values between 40 and 65 °C/km are frequent, and
local gradients above 65 °C/km occur particularly in the Manteigas sector and some central-
eastern occurrences. The comparison between Tr and G shows a generally coherent but
non-uniform pattern, indicating that the estimated hydrogeothermal signal is influenced
not only by the thermal gradient, but also by circulation depth, discharge conditions and
structurally controlled groundwater flow.

5.2. Theoretical Thermal Power and EBKRP Geothermal Favourability Mapping

Theoretical thermal power, calculated from discharge rate and thermal differential
using Equation (2), shows marked spatial variability across the Guarda District (Figure 7).
Lower values are associated with low discharge rates and moderate apparent silica-derived
Tr indicators, whereas the highest values, locally exceeding 1 MW, occur mainly in Aguiar
da Beira, Fornos de Algodres, Méda, Manteigas and Almeida, broadly following NE-
SW and NNW-SSE structural trends. The EBKRP model, applied to logio(P) with fault
distance as the structural covariate, identifies higher geothermal favourability near the
main fault systems and lower favourability where both thermal power and Tt are reduced.
The 1000 m fault-proximity buffer is used only as a regional screening criterion, not as
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a physical boundary of hydrothermal circulation; areas outside this buffer may still be
relevant where unmapped fractures, secondary fault branches or lithological contacts
enhance groundwater flow.
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Figure 6. Spatial distribution of estimated hydrogeothermal indicators in the Guarda District:
(a) apparent silica-derived temperature indicator, T, (°C); and (b) estimated geothermal gradient, G
(°C/km).

5.3. EBKRP Cross-Validation and Model Uncertainty

Leave-one-out cross-validation indicates acceptable internal performance for a prelim-
inary regional EBKRP model based on indirect hydrogeothermal indicators, with a mean
error close to zero (ME ~ 0.062), RMSE of 0.497 in logo-transformed units, prediction-
interval coverage of 92.3% and 98.1% for the 90% and 95% intervals, respectively, and
a standardised RMS error of 0.829. These metrics suggest limited systematic bias and
broadly consistent modelled uncertainty; however, the output remains constrained by the
irregular distribution of sampling points, the indirect nature of silica geothermometry,
discharge-rate uncertainty and the simplified representation of structural control through
distance to mapped faults. Therefore, the EBKRP map should be interpreted as a compar-
ative geothermal favourability product, rather than as definitive evidence of exploitable
geothermal resources.
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Figure 7. Spatial distribution of theoretical thermal power and EBKRP-derived geothermal favoura-
bility in the Guarda District.

6. Discussion
6.1. Hydrogeothermal Interpretation of Thermal Anomalies

Overall, the results indicate a heterogeneous low- to medium-enthalpy hydrogeother-
mal pattern in which the most favourable sectors likely reflect the combined influence of
recharge conditions, circulation depth, residence time and structurally controlled per-
meability. Accordingly, the mapped anomalies should be interpreted as preliminary
indicators of enhanced hydrothermal circulation, not as direct evidence of exploitable
reservoir conditions.

Fault distance is a useful regional proxy for structural permeability, but it cannot rep-
resent fault connectivity, hydraulic behaviour or unmapped fracture networks. Therefore,
the favourability map requires site-scale structural and geophysical validation.

6.2. Practical Implications for Regional Planning and International Comparison

Comparable fractured crystalline systems in Europe and Asia show that moderate to
locally higher apparent silica-derived temperature indicators can occur where deep circula-
tion is controlled by permeable fault systems [5-8]. In the Guarda District, this comparison
supports the proposed conceptual model but does not replace direct subsurface validation.

The EBKRP-based map is intended as a regional screening tool to prioritise future
structural, geophysical, drilling and hydrogeological investigations. It may guide the
strategic sectors for future assessment of direct-use applications. Any consideration of
electricity generation or binary-cycle systems remains outside the scope of the present
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screening study and would require direct subsurface validation, sustainable flow-rate
assessment, reinjection analysis, conversion-efficiency evaluation and techno-economic
feasibility studies.

6.3. Limitations of the Study

The main limitation of this study is the absence of deep boreholes, borehole tempera-
ture logs and hydraulic test data, which prevents direct validation of reservoir conditions
and recoverable thermal power. Uncertainty propagates through the workflow from
silica-derived apparent geothermometric indicators, discharge-rate values and derived
hydrothermal parameters to the EBKRP model and is further affected by irregular sampling
and the simplified representation of structural control through fault distance. Although
cross-validation supports the internal consistency of the EBKRP output, the map remains
an exploratory screening product, not evidence of exploitable reservoirs or recoverable
reserves [83,87-89]. Future work should include geochemical modelling, saturation analy-
sis, direct temperature measurements, hydraulic testing, geophysical surveys, sensitivity
analysis and, where relevant, seismological monitoring.

An additional source of uncertainty arises from the selection of the silica phase con-
trolling dissolved silica concentrations. Depending on local hydrogeochemical conditions,
chalcedony or amorphous silica may provide lower temperature estimates than quartz-
based formulations. Because detailed equilibrium modelling was beyond the scope of
this regional screening study, the adopted temperatures should be regarded as relative
indicators rather than definitive estimates of subsurface thermal conditions. The present
approach should therefore be understood as a regional hydrogeothermal screening method
grounded in previous Portuguese studies, rather than as a thermodynamic equilibrium
assessment of silica polymorphs at each sampling point.

7. Conclusions and Perspectives

This study developed an exploratory GIS-based approach to geothermal favourability
mapping in the Guarda District, Central Portugal, integrating hydrogeochemical data from
54 special groundwater abstraction points, silica geothermometry, classical hydrothermal-
parameter estimation and EBKRP spatial modelling. The main conclusions are as follows:

1.  Apparent silica-derived temperature indicators range from 21.3 °C to 121.2 °C, with
a mean value of 64.6 °C. These values indicate a predominantly low- to medium-
enthalpy screening context and support the preliminary identification of sectors
potentially favourable for direct geothermal uses.

2. The interpretation of the silica-derived temperature indicators explicitly considers the
uncertainty associated with silica polymorph selection, including possible chalcedony
or amorphous silica control at lower temperatures, as well as cooling, mixing and
incomplete re-equilibration during fluid ascent. Consequently, the reported tempera-
tures are interpreted only as apparent hydrogeochemical indicators for comparative
regional assessment and not as direct reservoir-temperature estimates or definitive
evidence of quartz—water equilibrium.

3.  Estimated geothermal gradients range from 20.3 °C/km to 92.1 °C/km, with sev-
eral sectors exceeding the average continental crustal gradient, suggesting spatially
variable hydrothermal conditions across the district.

4. Higher apparent silica-derived temperature indicators, geothermal gradients and the-
oretical thermal-power values occur preferentially near major NE-SW and NNW-SSE
fault systems, suggesting a possible influence of structurally controlled permeability
in deep groundwater circulation within fractured Hercynian granitic terrains.
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5. The EBKRP model, using logio(P) as the dependent variable and distance to major
mapped faults as the structural covariate, enabled the production of a preliminary
geothermal favourability map. This map should be interpreted as a comparative
screening product, not as a direct quantification of recoverable geothermal reserves or
confirmation of exploitable reservoirs.

6.  The results remain constrained by the absence of direct subsurface validation, irregular
sampling, indirect geothermometric estimation, discharge-rate uncertainty and the
simplified representation of structural control. Future work should include borehole
temperature logging, exploratory drilling, hydraulic testing, geochemical modelling,
mineral saturation analysis, geophysical surveys and sensitivity analysis to validate
the most favourable sectors and assess their technical and economic feasibility.
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