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Abstract 

Serra da Estrela Natural Park is mainly composed by granitic rocks of Variscan age, Precambrian and 

Cambrian metasedimentary rocks, as well as, schists, slope deposits, fluvial terraces and glacial deposits. The 

geomorphology and the geographic location of the study region strongly influence its climate. Groundwater 

data from 15 springs collected between 2010 and 2011, along 6 fieldwork campaigns, were analyzed from 

the isotopic and chemical point of view. These data were after compared with the isotopic and chemical 

composition of the water from 7 alpine lagoons. The local meteoric water line (δ²H=6.58(±0.29)+1.31(±1.23)) 

was calculated  using the groundwater isotopic composition. The results show that the springs located at the 

highest altitudes are more depleted than those located downhill. A slightly different isotopic fractionation 

with the altitude was found between the western and eastern slopes of Serra da Estrela Natural Park. The 

hydrochemical study revealed that the groundwaters are hyposaline, with slightly acidic pH reflecting a 

shallow and short flow path and small residence time. The predominant hydrochemical facies is Cl-Na, 

although other facies such as SO4-Na, HCO3-Cl-Na and Na-HCO3 are reported. The physico-chemical and 

isotopic composition allow the identification of: (i) the contribution of de-icing into the groundwater and 

lagoon systems; (ii) alpine lagoons recharged by the shallow groundwater systems; and (iii) a mean residence 

time for the shallow groundwaters varying between 4 to 6 months. 
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1. Introduction 

Serra da Estrela National Park (SENP) belongs to the ENE-WSW-oriented Iberian Central Mountain Range 

which extends for 500 km towards Spain and is 40 km wide. SENP is located between Serra do Açor and 

Guarda city with a NE-SW direction (see Figure 1), covering an area of approximately 89 132 ha. SENP has a 

maximum length of 58 km and a maximum width of 21 km (DGT (Direção Geral do Território, 2018). Torre 

with 1993 m a.s.l. is the highest point of Portuguese mainland. The study region is mainly composed by 

granitic rocks, schists, alluviums, slope deposits, fluvial terraces and fluvial glacial deposits (Teixeira et al., 

1974; Migón & Vieira, 2014). The granitic rocks were formed during the Variscan Cycle and the 

metasedimentary rocks are included in the Beiras Group of the Ante-Ordovician Schist-Greywacke Complex 

(Teixeira et al., 1974; Ferreira & Vieira, 1999). Geomorphological evidences of a glacial period are well 

noticed in the region, by the presence of glacial deposits Zêzere glacial valley. According to Espinha Marques 

et al. (2013), the SENP is located between two regional tectonic accidents, namely: the Bragança-Vilariça-

Manteigas fault and the Seia-Lousã fault. 
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Serra da Estrela acts as an orographic boundary between the temperate oceanic climate characteristic of 

the humid and moist regions, to the north, and the Mediterranean climate characteristic of the hot and dry 

regions, to the south (Daveau et al., 1977). During the winter, in the highest zones, the precipitation occurs 

in the form of snow. The typical climate of the SENP is characterized by presenting signatures of a temperate 

oceanic climate and simultaneously features of a Mediterranean climate, suggesting the existence of a 

transition climate between those two climates (Daveau, 1985). The annual precipitation reaches up 2800 

mm in the highest zones, while the minimum values are found at NE, between 700 and 800 mm (AEMET, 

2011). The monthly average temperatures vary between 2.5 °C and 17.4 °C, although the months of 

December, January and February usually have negative temperatures. 

 
Figure 1: Geomorphology and altimetry of SENP. 

At SENP the groundwater circulation is essentially performed through fractures, faults and other 

discontinuities (Espinha Marques, 2007) and over the slopes of the Serra da Estrela innumerous natural 

springs can be found. 

 

2. Isotope Hydrology  

The use of nuclear techniques are recognized to be a powerful tool in hydrogeological studies (e.g., Darling 

et al., 2005), where the environmental radioactive isotopes, like tritium (short half-life ≈ 12.32 years), are 

important natural tracers, especially in the estimation of groundwater’s mean residence time and in the 

identification of mixing between different hydrological units. Also, many examples are found in the literature 

concerning the unique information that the stable isotopes (2H and 18O) can provide in the characterization 

of the aquifer systems. Some of the major applications are in the definition of the preferential recharge 

altitudes, main flow directions, and identification of mixing between aquifers or even between surface and 

groundwaters systems (e.g., Marques et al., 2010; Carreira et al., 2014). 
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In isotope hydrology the international standard adopted is the SMOW (Standard Mean Ocean Water). 

The SMOW establishes, by convention, the zero of the δ18O and δ2H scale. The SMOW intends to be a 

mixture of ocean waters, representing the average isotopic content of the different oceans. This standard 

was selected since the oceans represent the beginning and end of the hydrological cycle. SMOW was 

replaced by the V- SMOW with similar isotopic composition δ2H = 0‰ and δ18O = 0‰ (Darling et al., 2005). 

The δ notation is dimensionless, being expressed in permil (‰). Delta (δ) positive values stand for an 

enrichment in heavy isotopes relative to the standard, while δ negative values correspond to an isotopic 

depletion relative to the standard (Darling et al., 2005). In 1961, Craig found a linear correlation between the 

δ18O and δ2H content of meteoric waters collected in different parts of the globe (Craig, 1961), defining the 

Global Meteoric Water Line (GMWL) as δ2H = 8δ18O+10. The GMWL equation defined by Craig varies locally, 

and these variations are mainly related to the formation conditions of the atmospheric water vapour, and 

the local climate like the percentage of the relative humidity, wind, etc. responsible for the regional isotopic 

composition (Darling et al., 2005). 

 

3. Groundwater systems 

3.1. Environmental isotopes 

Six fieldwork campaigns were performed by Carvalho (2013), and 15 selected springs were sampled and 

analyzed for physico-chemical and isotopic parameters. In this paper we intent to discuss the results 

obtained and make a reinterpretation of the data acquired by Carvalho (2013), comparing the results with 

those from the chemical (Paiva 2016) and isotopic signatures (unpublished data) of waters from the alpine 

lagoons, at the same research area. The springs selection took in consideration a NW-SE cross section at 

Serra da Estrela Mountain, and the altitude distribution (565 m a.s.l at Marrão spring to 1990 m a.s.l at Mina 

da Torre spring, see Figure 2). 

 
Figure 2: Geographic localization of groundwater sampling points, at SENP: Seia-Torre-Covilhã sector. 
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Using the isotopic composition (δ2H and δ18O) of the spring waters the Local Meteoric Water Line (LMWL) 

was calculated (Figure 3). The LMWL is sub parallel to the GMWL, although with a slope lower than 8 and a 

very different deuterium excess (d = 1.31), that is ascribed to the local climatic conditions (percentage of 

relative humidity, amount of precipitation etc.). In Figure 3 two sets of data (group A and group B) are well 

defined. Group A represents the springs located in the western slope of SENP, presenting a more enriched 

isotopic composition, while Group B is related to the spring waters from the eastern SENP slope, with more 

depleted δ¹⁸O and δ²H content. These two clusters of springs refer to the springs located at lower altitudes 

(Group A) because they are more enriched and the springs located at highest altitudes (Group B) because 

they are more depleted. This isotopic pattern was first described by Dansgaard (1964) as the "effect of 

altitude", that is, the sources become progressively more impoverished as a function of altitude. Also, from 

Figure 3 is noticed that the water samples are distributed over or near the GMWL, indicating that i) they are 

meteoric waters that were not subject to evaporation phenomena, and ii) there are no evidences of water-

rock interaction at high temperatures. 

 

Figure 3: Local meteoric water line of Seia-Torre-Covilhã Sector. Data from Carvalho (2013). 

In Figure 4 an evolution in the isotopic composition of the water samples towards more depletion 

composition, can be explained by the contribution of de-icing to the groundwater systems. In some samples 

the most depleted isotopic content is found in April 2011 (and also in May 2010), and not during the winter 

campaigns (e.g., December 2010). 

 

Figure 4: δ¹⁸O and δ2H values of the spring waters from December 2010 and April 2011 campaigns. 



Morais Almeida, Alexandre                                                                                                            

5 
 

The tritium content was also determined in all water samples. A relation between the 3H content and the 

altitude of the sampling sites was found in the spring water samples, namely 0.06 TU/100 m. In the springs 

Mina da Torre (located at the highest altitude), Santa Spring and Marrão Spring the tritium content range 

from 2.16 TU to  3.52 TU (average values), indicating a short underground flow path (Figure 5a). A 

seasonality in the tritium content was identified within the water samples, showing higher concentration in 

3H during the spring campaigns (May 2010 and April 2011), as mention by Gat et al. (2001) and Carreira et al. 

(2004). The increase in 3H concentration in the atmosphere is called “Spring Leak Effect” (Gat et al., 2001), 

Figure 5b. 

 

Figure 5: (a) - Variation of 
3
H content (arithmetic mean) of spring waters as a function of altitude. Numbers refer to different springs, 

according to Figure 3. Data from Carvalho (2013). (b) - Average tritium content for each source during spring and autumn/winter. 
Data from Carvalho (2013). 

 

3.2. Hydrogeochemistry  

The pH values vary from 5 to 7, in Lagoa Comprida and Covão do Curral springs, respectively. All the sampled 

spring waters have a very low mineralization. Mina da Torre spring presents the higher mineralization, with 

the Total Dissolved Solids (TDS) around 300 mg/L while the lower TDS content is found at Perús and Saibreira 

springs with values around 3.5 mg/L. The relative high calcium, sodium and chloride content found 

(Average = 13.92 mg/L; 32,78 mg/L; 66,03 mg/L, respectively ) in Espinhaço de Cão, Lagoa Comprida, Mina 

da Torre and Nave de Santo António Sul springs suggests an anthropogenic origin for calcium, taking into 

account the geological formations of the region. 

The spring waters sampled during the winter period present generally a Cl-Na facies, with the exception 

of Covão do Boi spring with a HCO3-Na facies. The poor mineralization found in all water samples indicates 

low water-rock interaction. However, considering the initial weak mineralization of all these waters, a small 

salt anomaly can be noticed in the chemical analyses, as an indication of anthropogenic input. Anomalous 

salt concentrations were determined in the Lagoa Comprida, Mina da Torre, Espinhaço do Cão and Nave 

Santo António Sul springs, indicating a contamination of these springs by the salts added in the roads at high 

altitude sites to induce the snow melting. Furthermore, the HCO3-Na facies observed at Covão do Boi spring 

and the HCO3-Cl-Na facies at Fonte Santa spring, can probably indicate a relatively longest flow path favoring 

Na-feldspars hydrolysis processes. 
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During the winter period, the pH decreases to values between 5.0 to 6.5 at Ferreiro and Mina da Torre 

springs, respectively. Like in the summer period, it is also visible the low TDS values, evidencing the weak 

water-rock interaction. During winter, Espinhaço do Cão spring presents the highest mineralization (TDS = 

200 mg/L) and Saibreira spring the lowest ion concentration (TDS = 2 mg/L). 

The most commonly used salt in the de-icing processes is Na-Cl, however it cannot be excluded the salt 

impurities (Rasa et al., 2006) thus justifying the presence of Cl-Na-Ca-Mg facies in Mina da Torre and the 

Espinhaço do Cão springs. 

 

4. Alpine Lagoons 

4.1. Isotope Hydrology 

Paiva (2016) performed four fieldwork campaigns at SENP in order to collect surface waters accumulated in 

7 alpine lagoons (Figure 6). The sampled waters were analyzed for environmental isotopes (at C2TN – 

unpublished data) and physico-chemical parameters. The fieldwork campaigns took place in January, March, 

June and October of 2016. The studied alpine lagoons are located near the Torre, above 1500 meters 

altitude. The studied alpine lagoons are located at very similar levels (Figure 6), diverging only by around 200 

m in altitude. The lagoon located at a lower altitude is the L1 lagoon, and the L5 at the highest elevation. 

According to Paiva (2016) the temperature of the waters of the alpine lagoons is similar to the air 

temperatures. 

 

 
Figure 6: Geographic localization of the shallow groundwater sampling sites (springs) and the alpine lagoons. 

Superficial waters, like the studied alpine lagoons, are recharged directly by the local precipitation. In 

some cases, the superficial waters can also have a contribution from the shallow aquifer systems, when the 

piezometric level is higher than the baseline of the alpine lagoons. The superficial systems are strongly 
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affected by evaporation mechanisms that will induce a change in their isotopic composition (isotopic 

enrichment). The fractionation processes (evaporation) will be responsible for the deviation of these water 

samples from the global or local meteoric water lines.  

Table 1 presents the values of the most depleted and the most enriched isotopic composition of the 

alpine lagoons for each campaign. In March 2016 (Figure 7b) it was recorded the most depleted isotopic 

composition, higher than in January (Figure 7a). One possible explanation to this fact is the addition of 

melted snow that was accumulated at highest altitudes of the SENP, leading this mixing process to an 

isotopic depletion of the alpine lagoons (Figure 7). Opposite situation, isotopic enrichment was observed 

during June and October (Figure 7c) campaigns. The isotopic enrichment is due to evaporation phenomena, 

favored by the air temperature and wind during that time of the year. The evaporation phenomenon is even 

more evident in October when the most enriched isotopic values reach positive values because of the scarce 

rainfall. 

Table 1: Isotopic composition variation in the waters from the alpine lagoons. 

Date 
Isotopic content (‰) 

Depleted Enriched 
δ¹⁸O δ²H δ¹⁸O δ²H 

January -7.42 -41.9 -6.75 -38.1 

March -10.18 -64.7 -7.50 -47.3 

June -8.40 -57.6 -3.35 -32.4 

October -4.27 -34.6 7.66 20.7 

 

 
Figure 7: Isotopic composition of the waters from the alpine lagoons. (a) – January 2016; (b) – March 2016, enhancing an isotopic 

depletion due to the addition of melted snow; (c) – October 2016, showing an isotopic enrichment due to evaporation. 
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4.2 Hydrogeochemistry 

Figure 8 shows the Stiff Diagrams elaborated with the mean values for the 4 sampling campaigns performed 

in the alpine lagoons. All the water samples from the studied alpine lagoons present low mineralization and 

a Na-Cl facies, suggesting that these waters are the result of direct recharge by the precipitation. However, 

given the low mineralization of these waters, the “anomalous salt concentration” in the L3 and L6 alpine 

lagoons indicates that they are being contaminated by an anthropogenic origin. This hypothesis is 

corroborated by the higher electrical conductivity of these waters, as suggested by Paiva (2016). This 

contamination is compatible with the dispersion of de-icing salts (Na-Cl) on the roads.  

If any lagoon is recharged by mixing process between groundwaters and precipitation waters, such 

groundwaters should be ascribed to short underground flow paths with little water-rock interaction, given 

the low mineralization of the waters from the alpine lagoons. 

 
Figure 8: Stiff diagrams of the different alpine lagoons with the average values from the four field work campaigns. Data from Paiva 

(2016). 

 

5. Concluding remarks 

The isotopic study of shallow cold dilute groundwater samples (spring waters) from SENP allowed the 

determination of the Local Meteoric Water Line (δ2H = 6.58 (± 0.29) δ18O + 1.31 (± 1.23). The studied 

groundwater samples follow the variation of the monthly air temperature, thus evidencing their very shallow 

underground flow paths. In addition, it is found that the 3H content of the studied spring waters increases 

with the altitude of the sampling site. The average tritium content of Mina da Torre springs waters, located 

at the highest altitude of SENP, is 3.52 TU and for Santa and Marrão springs (at the lowest altitude sampling 

sites – see Figure 5a) is 2.60 and 2.16 TU, respectively, corroborating the formulated hypothesis of shallow 

and short flowpaths. 

In Table 2 three electrical conductivity (EC) groups are presented for each campaign. Focusing on the 

third group, the highest EC value for the May 2010 and April 2011 campaign corresponds to the Espinhaço 

do Cão spring (9); for September and December 2010 campaigns, as well as for June and September 2011 
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campaigns the highest EC value corresponds to the Mina da Torre spring. The highest EC measured in 

September 2010 and 2011 campaigns correspond to Mina da Torre spring. In December 2010 this spring 

presented half of the maximum EC values, and the minimum EC values were found in April 2011. This means 

that from December 2010 to April 2011 the EC is the lowest value. From these records, one can formulate 

the hypothesis that Mina da Torre groundwater system has a mean residence time of about 4 to 6 months. 

The chemical composition indicate that the hydrogeochemical facies of the shallow groundwaters are 

usually Na-Cl, associated with a small mineralization (low Total Dissolved Solids) content, typical of 

hyposaline waters, i.e. precipitation recharge quickly infiltrated. There is no strong evidences of evaporation 

before infiltration (usually reflected in the isotopic composition enrichment), and, based on the TDS values, 

the water-rock interaction processes are very low. It is evident that four points stand out from the rest, 

namely: Lagoa Comprida, Mina da Torre, Espinhaço do Cão and Nave de Santo António Sul spring waters. 

These waters are contaminated by anthropogenic action (addition of salts Na-Cl to promote snow melting 

along the roads at high altitude sites). 

 
Table 2: Electrical conductivity values of the studied shallow groundwaters from springs, in different campaigns. Data from Carvalho 

(2013). 

Sampling Electrical Conductivity (μS/cm) 

May 2010 3-30 63-85 297-334 

September 2010 5-47 159-246 618 

December 2010 3-34 75-86 265-302 

April 2011 3-53 233 363 

June 2011 4-54 127 295-439 

September 2011 6-48 118-252 585 

 

The alpine lagoons are mainly feed by direct precipitation, showing mainly a Na-Cl facies. In L3 and L6 

alpine lagoons evidences for anthropogenic contamination were identified, possibly ascribed to dispersion of 

road de-icing salts. There is a contribution of de-icing in the isotopic composition of the alpine lagoons, as a 

result of surface runoff and of underground flow where the contribution of de-icing has also been noticed. 

To prevent contamination of the aquifer systems and alpine lagoons it is suggested that the best option 

to promote road de-icing exclusively with mechanical processes and heated water.  
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