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Abstract 
 
Detailed hydrochemical and isotopic studies indicate high baseline concentrations and salinities in 
groundwater bodies of Porto Santo volcanic island limiting the water uses for domestic, agriculture and 
tourism supply. Natural groundwater salinity in the weathered volcanic and carbonate rich aquifers is 
usually the combined effect of geological and tectonic evolution, climatic forcing in the form of sea salt 
aerosol, meagre rainfall, high evapotranspiration and eventually, locally induced sea water intrusion. 
Dominant Na-Cl-(HCO3) groundwaters with short residence times are found in freshening aquifers with 
Na/Cl molar ratio values above the sea water mixing line. Results obtained from the stable isotopes of 
the water confirms that groundwater has undergone significant evaporation. Natural high salinities are 
also associated with an increase in concentration of minor and trace elements (F, B, Si, and As). High 
fluoride content in the groundwater samples above the drinking water limit value of 1.5 mg/L gestures 
towards the prevailing fluorosis disease in the population of the island. 
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1. Introduction 

 

Availability of fresh water resources on volcanic islands located in semiarid climatic regions are limited 

and extremely susceptible to climate changes and management practices. Water in rivers and streams 

are often confined to the high relief areas of the islands and/ or to short periods after the heavy rainfall 

events, which occasionally occur during the wet season. Shortage of surface water and less rainfall 

leaves groundwater resources as usually the principal source of fresh water for local population and 

agriculture use. And, due to the trivial water scarcity problems that affect these regions, the attention is 

placed on groundwater quantity rather than quality and groundwater resources face an increasing risk 

of contamination. 

Salinization of groundwater is one of most prominent cause of groundwater contamination on volcanic 

islands, which may result from natural rock-water interaction processes (cation exchange, dissolution, 

surface complexation) between circulating groundwaters and volcanic materials that are enriched in 

several geochemical elements (Cl, Na, Si, As, F); or, from seawater intrusion due to non-sustainable 

groundwater abstraction. High evaporation rate may also contribute for salt accumulation in areas with 

shallow water levels. 

 

2. Study Area 

Porto Santo is a volcanic island part of the Madeira archipelago that is situated in the Atlantic Ocean, 

west of southern Europe and northern Africa (Fig. 1). It is a small island (42.2 km2) extending between 

32º 59’ and 33º 07’ N parallels of latitude and 16º 16’ and 16º 24’ W meridians of longitude and together 

with the volcanic archipelagos of Madeira, Azores, Canary and Cape Verde is part of the Macaronesia 
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biogeographical region. It is quite a flat island but characterized by two distinct regions, the northeast 

part where some of the highest peaks are located is rugged, while the southwest corresponds to a low 

lying coastal plain with a nine-kilometer-long white sand beach. The island has a semi-arid climate and 

average annual rainfall is less than 500 mm, occurring often as short heavy events that may produce 

flash floods and strong landscape erosion (locally called ‘badlands’). The soils for agriculture are sandy 

and poor in nutrients and the island has very scarce freshwater resources relying mostly on groundwater 

for irrigation and seawater desalination for public water supply.  

Porto Santo is inhabited by 5000 year-long residents of which the majority lives in the capital (Vila 

Baleira) but the population significantly increases during the summer months. Tourism has given Porto 

Santo an economic dynamism that has been growing year by year. The warm climate and sea, the 

quietness and remoteness of the island, the therapeutic qualities of its sands that are proved to help 

treat skin, orthopedic and rheumatic problems are bringing many tourists to the island and contributing 

decisively to the island’s economic and touristic expansion. Nowadays, the population of tourists and 

part-time second house residents fluctuates between 500 in the winter months and 15,000 in the 

summertime, exceeding three times the resident population and increasing significantly the pressure on 

local water resources and services. 

 

Figure 1 Location of Porto Santo island [adapted from (Silva, 2003)] 

Porto Santo has very limited availability of water resources due to both geological (predominant low 

permeability volcanic formations), geomorphological (size and low altitude) and climatic conditions 

(meagre rainfall and high evapotranspiration rates). Most surface water circulation occurs in small 

streams (‘ribeiros’ in Portuguese) and are in close relation to springs or mines that tap groundwater 

levels. Groundwater resources are limited in general to the principal sedimentary formations in the 

central part of the island tapped by shallow wells (< 30 m deep), or to fractured parts of the volcanic 

formations which are usually low permeability but may host basal or perched aquifer formations that 

feed some of the springs and mines around the island. Moreover, groundwater resources in Porto Santo 

are strongly constrained for human consumption and irrigation by their high salinity that can occur 

naturally or result from human activities. 
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2.1. Hydrogeology 

From hydrogeological point of view, the island has been classified into four different permeable units 

(Ferreira & Neiva, 1996). The largest permeable formation (Figure 2) situated in the western and central 

locations of the island, embodies varied nature volcanic rocks and at places carbonated sediments of 

mobile nature. Hydraulic conductivity of the formation may vary between 10-9 to 10-6 m/s, and has been 

categorized as less permeable depending on grain size and its compaction level. Calcarenites, which is 

very perceptive to rainwater infiltration, manifest karstification event which allows infiltration. Presence 

of hard rocks basement below the calcarenites does not allow deep percolation of rain water and results 

into springs at several places on the island.  

 

Second identified formation is beach sands having porosity values between 0.35 to 0.40, depending 

upon compaction level. Permeability measurement in the formation varies between 10-6 to 10-5 m/s, and 

has been categorized as low to medium depending on predominance of clay content and grain size 

variation (Silva, 2002). Noting the unit thickness, variable permeability and presence of formation mostly 

in unsaturated zone rates it as of inferior quality. This formation serves as a pathway for recharge of 

underlying volcanic formation which is found 

mostly below calcarenite cover (Silva, 2002).  

Weathered volcanic sequence whose crust 

consist mainly of colluvium and quaternary 

alluvium deposit host several basal and 

perched aquifers. Perched water body and the 

springs have resulted from the variable porosity 

and permeability along the subsurface zone 

which restricts the infiltration.  

 

3. Groundwater Sampling and Analytical 

Methods 

Groundwater samples has been collected from 

all major identified permeable formations during different field campaigns (Fig. 3). Totally three field 

campaigns were carried out in February and May 2008, and in April 2017. First two campaigns of year 

2008 were carried out by Joao Baptista Pereira Silva and Maria Teresa Candesso de Melo and the 

results were published in Condesso de Melo et al., (2008). Some groundwater chemistry data of 

February 2008 are from Silva et al., (2008). A total of 52 samples including 36 from Condesso de Melo 

et al., (2008) and Silva et al., (2008) have been used for the present study. The sampling sites include 

springs, shallow unconfined aquifer wells and boreholes spatially distributing over the whole island. For 

the groundwater sampling, a multiport flow-through cell connected in-line to the sampling points was 

used. Water samples were taken from the discharge point during pumping, once stabilization of the 

principal field parameters: pH, temperature (T), specific electrical conductance (SEC), and dissolved 

oxygen (DO) were observed. 

The inorganic determinations, which includes the analysis of major, minor and trace elements of the 

samples for all field campaigns were performed at the Activation laboratories in Ontario (Canada). 

Figure 2 Major aquifers of Porto Santo island [from 
(Ferreira & Neiva, 1996)] 
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Isotopic analysis of samples from 2008 campaign only has been done. Stable isotope (δ2H and δ18O) 

analysis of 24 and tritium (3H) value determination of four samples were carried out at the Faculty of 

Science and Engineering laboratory in Rijksuniversiteit, Groningen. 

 
Deuterium and oxygen-18 results were reported 

as parts per thousand (‰) with respect to Vienna 

Standard Mean Ocean Water (V-SMOW) using 

the standard δ (delta) notation (Gonfiantini, 

1978). The analytical precision for stable isotope 

analysis is ±0.01‰ for δ18O, ±0.1‰ for δ2H. The 

concentrations of tritium are generally so small 

that tritium is reported in a special concentration 

called a 'tritium unit' or TU, defined as equal to 1 

tritium atom per 1018 hydrogen atoms. The 

analytical precision for tritium is ±0.2 TU. During 

April 2017 field campaign, unsaturated 

zone samples from carbonate eolianites 

formation spread cross the different 

vertical depth from the ground surface 

has been taken for salinity measurement. Depending on the accessibility along the cliff section, the 

sampling distance interval has varied in case of calcarenites section, while it was constant in case of 

paleosol sampling. The samples collected from field were later analyzed for electrical conductivity 

determination. 50 grams of each sample were mixed with 250 grams of water having electrical 

conductivity value of 3 μS/cm. To disintegrate the lumps, the solution containing bottle was kept on the 

electric shaker machine for 20 hours in addition to manually shaking of bottles at regular interval to avoid 

any coagulation. Electrical conductivity has been measured at every hour for a continuous period of 20 

hours. 

 

4. Result and Discussions 

4.1. Unsaturated Zone Electrical Conductivity 

Plot of electrical conductivity against depth from the surface level shows an elevated concentration close 

to the surface level, and decreases afterwards (Fig. 4). The area is devoid of vegetation, so enrichment 

of salts close to a meter depth as most plant species do not take up significant quantities of salts from 

soil water can’t be a factor. The salt accumulation due to evaporation is the most plausible explanation 

owing to the climatic condition on the island. The wet and dry period at the time of sediment deposition 

may be responsible for the changes in salt concentration at deeper sections. Marine aerosol input aided 

by dry periods may have increased the salt concentration and vice versa, and is visible through 

fluctuation in the profile. At the boundary of calcarenites and paleosols layer a breakthrough in electrical 

conductivity has been recorded. Lower permeability of paleosols layers may have trapped the dissolved 

Figure 3 Groundwater and paleosols sample locations of 
Porto Santo (solid circles, rectangles, crossed circles and 

blue cross represents springs, mines, wells and 
unsaturated zone sampling sites respectively) 

Recent Sediments 

Calcarenites 

Carbonate Eolianites 

Submarine Volcanic 

Subaerial Volcanic 
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salt coming with infiltrating rainwater from the top layer and is responsible for increased concentration 

at the junction layer.             

4.2. Groundwater Chemistry 
 

The pH varies from 6.6 to 9.2 (Table 1) 

in all sampling campaigns of 2008 and 

2017. The EC varied between 1600 and 

6720 μS/cm in February 2008 and from 

1920 to 7750 μS/cm in May 2008. For 

April 2017 sampling, the EC values have 

been reported between 1486 to 9926 

μS/cm (Fig. 5) Higher median EC has 

been found in carbonate eolianites 

formation indicating major contribution of 

carbonate minerals in groundwater 

chemistry.   

Table 1 Basic statistics of groundwater 
hydrochemistry 

 

Groundwater in the Porto Santo vary in their major ion 

chemistry, Na as the predominant cation in all the 

groundwater samples while Cl is the dominant anion in 

most of the samples. The concentration of Na varies 

between 174 to 1900 mg/L with very minor median value 

difference in carbonate eolianites and volcanic 

formations. K concentration varies between 6.7 to 79.4 

mg/L. Highest K concentration has been reported from 

carbonate eolianites formations. Carbonate eolianites 

as well as weathered volcanic have reported highest 

concentration of Ca which varies between 4.9 to 252 

mg/L. 

Among the anions, Cl has very wide range of 

concentration. The Cl concentration range is 189 to 

2700 mg/L with highest standard deviation among all 

  
pH EC Na K Ca Mg Cl HCO3 SO4 NO3 Br F B Si As 

 μS/cm mg/L μg/L 

Median 7.8 4149 857 22 17 27 854 597 213 38 3.0 3.0 3.0 19 2.0 

Max 9.2 9926 1900 79.4 252 209 2700 1211 529 105.3 8.2 7.9 5.8 46.1 26.0 

Min 6.6 1486 174 6.7 4.9 4.5 189 129 26 0.0 0.7 0.0 0.3 3.8 0.0 

SD 0.6 1753 386 17.5 42.7 40.3 573 227 116 23.8 1.9 1.4 1.4 10.3 8.0 

Figure 4 Groundwater electrical conductivity of 
unsaturated zone 

Figure 5 Groundwater electrical conductivity 
map of Porto Santo 
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ions. Higher values of Cl have been reported from all major formations. HCO3 presence in the area is 

marked by higher pH values and presence of carbonate rocks. The median HCO3 concentration is 597 

mg/L. Highest concentration of HCO3 is from the mine water of all geological formation. Long standing 

time of water in mine may be responsible for higher dissolution of carbonate minerals. Median 

concentration of SO4
 is 213 mg/L. Higher concentration are mostly from the wells and mines of carbonate 

eolianites deposit. 

4.3. Classification of groundwater 
 

The groundwater of all sampling campaigns and 

geological formations are classified depending 

upon their ionic strength of selected ions. Piper 

(1944) has proposed categorization of groundwater 

based on the meq/L percentage content of Na, K, 

Ca, Mg, Cl, SO4, CO3 and HCO3. Distribution of 

groundwater samples based on the Piper’s 

classification (Fig. 6) has indicated that majority of 

the samples in all sampling campaigns and different 

geological formations are of Na-Cl-(HCO3) type. No 

temporal variations in concentrations of these 

elements 2008 and 2017 sampling were 

present. In cation triangle, a clear pathway 

towards Na and K is visible indicating enrichment of alkali elements as compared to alkaline earth. In 

case of anion triangle, dominance of Cl ion is in most of samples. Carbonate eolianites, volcanic and 

weathered volcanic are equally following the enrichment of Cl ion. In the diamond section of piper plot, 

the samples cluster around the saline end. High concentration of dissolved Na and Cl due to water rock 

interaction is responsible for high salinity in the groundwater of the island. 

4.4. Ion exchange indices 

The groundwater source can be determined based on meteoric genesis index, which is computed 

applying Soltan (1999) equation. 

 

 

The value of r2 < 1 indicates that the 

groundwater is of deep meteoric percolation 

type and r2 >1 express the water is of shallow 

meteoric percolation type. The groundwater of 

different formations in the area is of mixed 

type, but in general, majority of the analyzed 

samples shows that it is of shallow meteoric 

water percolation type (Figure 7). Negative 

index is shown by samples from springs and mines 

r2 =  
(K++Na+)−Cl−

SO4
2−  (meq/l)     [1] 

Figure 7 Meteoric genesis Index (r2) 

Figure 6 Groundwater types classification of Porto 
Santo 
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only, which shows that they may have travelled quite long distance before coming out on the surface as 

spring or getting collected in mines. 

4.5. Hydrogeochemical pattern 
 

Na/Cl molar ratio in the groundwater of 

Porto Santo is 1.17 (Fig. 8), which is 

higher than the typical sea water molar 

ratio of 0.86 (Moller, 1990). The 

groundwater molar ratio deviates 

significantly from the sea water line. The 

ratio in groundwater was expected to be 

close to sea water line based on the 

marine origin of sediments formed either 

as submarine and subaerial volcanic 

sequence. Excess source of Na in 

groundwater is expected to be the result of 

weathering and dissolution Na containing 

volcanic rocks. Fine size marine aerosol 

which shows preferential transport of Na as compared to Cl may be another contributor to excess Na in 

the groundwater. 

4.6. Minor and trace elements in the aquifer 
 

Arsenic: Some of the groundwater samples, especially from the calcarenite formation has elevated 

concentration of arsenic (As) above the permissible limit value of 10 μg/l. The increased concentrations 

of As may be due to hydrothermal activity which favours the dissolution of As. Alkaline medium also 

favours the As release from clay minerals by increasing HCO3 competition with HAsO4 which reduces 

the possible extent of As sorption on Fe and Mn-oxyhydroxides. 

 

Boron: In natural scenario, Boron (B) exist in combined form, either as boric acid [B(OH)3] or borate ions 

[B(OH)4¯] in groundwater, especially in regions that are or have been volcanic (Eaton, 1935). In 

connection with the agricultural significance of this element, it causes injury to plants even when present 

in smaller concentrations in the soil column. The concentration of B in the groundwater of Porto Santo 

has varied from 0.3 to 5.8 mg/L. Of all the samples, 75% have concentration above 1.5 mg/L which is 

the upper intake limit of sensitive plants. 

 

Fluoride: F occurs as minor element in natural waters, with concentration usually lower than 1 mg/L. In 

rare geological scenario where aquifers contain F bearing minerals, such as fluorapatite and fluorite 

groundwater F concentration goes to higher values. Presence of F in groundwater of Porto Santo is 

associated with fluoapatite and fluorite minerals in the hyaloclastic volcanic rocks aided by alkaline 

groundwater which favors the fluoride dissolution. F concentration has varied from 0 to 7.9 mg/L  during 

all campaigns and is equally high in all geological formations. Only two out of all sampling sites have F 

concentration less than the  WHO permissible limit value of 1.5 mg/L (WHO, 2011). 

Figure 8 Na/Cl ratio in groundwater of Porto Santo 
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Silica: Silica generally account for 5 to 10 % of total dissolved solutes in portable water and < 1 in saline 

and brines (Davis, 1964). Groundwater analysis often include silica as an easy parameter to measure 

but its nontoxic nature to humans, animals and plants life has escaped the attentions of hydrochemists 

(Haines & Lloyd, 1985). Silica concentration in groundwater of Porto Sant has varied between 3.8 to 

46.1 mg/L, and out of that only 6% of samples have silica content < 10 mg/L. Silicate weathering on the 

island may be the most probable reason for higher concentration of silica in groundwater. 

 

4.7. Groundwater isotopic signature 
 

The isotopes of oxygen (16O, 17O, and 18O) 

and hydrogen (1H, 2H, and 3H) are ideal 

tracers for determining water sources, time 

scale of movement and mixing because 

they are integral constituents of water 

molecules. Based on oceanic proximity of 

the island, the groundwater isotopic 

composition is expected to follow the Global 

Meteoric Water Line (GMWL) (Craig, 1961), 

while the observed isotopic results of water 

isotopes deviate significantly from the GMWL 

slope value of 8 and intercept of 10 (Fig. 9). This deviation in isotopic signature of groundwater signify 

the evaporation effect in the arid climatic condition of the island. This evaporative enrichment of stable 

water isotopes also points to increased concentration of ions and other salts presents in the 

groundwater. Tritium measurement of samples ranges between 0.55±0.2 to 1.75±0.2 TU, indicating low 

residence time of the groundwater. 

4.8 Groundwater Quality 

Higher salinity and dissolved ions in the 

groundwater of Porto Santo makes it 

unsuitable from drinking and agricultural 

perspective. High concentration of Na, Cl 

and SO4 (Fig. 10) odor of water while As 

and F has potential health impacts in the 

form of cancer and fluorosis. In terms of 

agricultural use, higher concentration of 

major, minor and trace elements make it 

unsuitable irrigation also. Crops which are 

very sensitive to salinity may not be 

suitable for cultivation on this island. 

Higher Na and SO4 contents have the 

potential to create permeability problems 

Figure 9 Groundwater stable isotope ratio of 
Porto Santo 

Figure 10 Groundwater concentration range and 
recommended limits for drinking and irrigation use 
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and restrict water uptake to plants. As and B are other trace elements that can have its side effect on 

plants health.  

5. Conclusions 
 

The groundwater in Porto Santo island exhibits marginal variations in its chemical parameters between 

2008 and 2017. Higher electrical conductivity measurements from unsaturated zone and groundwater 

samples points to high base line salinity in the aquifer materials. Na among cations and Cl among anions 

are dominant ions in the groundwater, and there is no temporal change in ionic dominance. High Na 

and Cl content could be due to the dissolution of salts in the aquifer material which was further enhanced 

by evapotranspiration and marine aerosol spraying. Carbonate rock dissolution may have been 

responsible for Mg-Ca contribution in the groundwater. The groundwater is of Na-Cl-(HCO3) types, and 

no change has been noticed in groundwater types in measured spatial and temporal domain. Ion 

exchange index showed that majority of groundwater is of shallow meteoric percolation type. The 

groundwater chemistry is influenced by water–rock interaction, aquifer material mineralogy and sea 

spray input, whereas the aquifer hydraulics play limited role in hydrogeochemical processes. 
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