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Abstract 31 

The groundwater chemistry of the semi-arid volcanic island of Porto Santo, part of the Madeira 32 

archipelago, Atlantic Ocean, was investigated. Generally, the groundwater was brackish, containing 33 

2-10 mol % seawater. Groundwater with up to 20 mM alkalinity and a Na enrichment of up to 30 34 

mM, as compared to the Na concentration predicted by the seawater Na/Cl ratio, was found in the 35 

main aquifer. Also notable are the high concentrations of F (up to 0.3 mM), B (up to 0.55 mM), As 36 

(up to 0.35 µM), all in excess of WHO recommendations, as well as up to 6 µM V. Geochemical 37 

modeling, using the PHREEQC code, was used to explore different scenarios that could explain the 38 

genesis of the observed bulk groundwater chemistry. First, a model for aquifer freshening with the 39 

displacement of resident seawater from the aquifer by infiltrating freshwater, was tested. This 40 

scenario leads to the development of NaHCO3 waters as observed in many coastal aquifers. 41 

However, the measured alkalinity concentration in the groundwater was far higher than the 42 

concentration predicted by the freshening model. In addition, the behavior of modelled pH and PCO2 43 

were at variance with their distributions in the field data. The second model explored the possible 44 

effect of volcanic glass leaching on the groundwater chemistry. Using insight derived from studies 45 

of volcanic glass surface alteration as well as experimental work on water-volcanic glass 46 

interactions, a geochemical model was developed in which the exchange of H+ for Na+ on the 47 

volcanic glass surface is the main mechanism but the exchange of other cations on the volcanic 48 

glass surface is also included. The uptake of H+ by the glass surface causes the dissociation of 49 

carbonic acid, generating bicarbonate. This model is consistent with the local geology and the field 50 

data. It requires, however, volcanic glass leaching to occur in the unsaturated zone where there is an 51 

unlimited supply of CO2. The exchange reaction of H+ for Na+ is confined to the surface layer of 52 

volcanic glass as otherwise the process becomes limited by slow solid state diffusion of H+ into the 53 

glass and Na+ out of the glass. Therefore, volcanic ash deposits, with their high volcanic glass 54 
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surface areas and matrix flow, are the aquifers where this type of high NaHCO3 waters can be 55 

expected, rather than in basalts, which predominantly feature fracture flow. The trace components 56 

F, B, As and V are believed to originate from hyaloclastites, consisting of predominantly (90%) of 57 

trachy-rhyolite volcanic glass. Although stratigraphically older than the main calcarenite aquifer, 58 

topographically they are often located at higher altitudes, above the phreatic level and located along 59 

the main recharge flow path. In addition, the semi-arid climate conditions provide a long 60 

groundwater residence time for the reactions as well as limited aquifer flushing.  61 

  62 
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1. Introduction 63 

The islands of Macaronesia in the Atlantic Ocean, the Canaries, Cape Verde, Azores and the 64 

Madeira archipelago, are predominantly volcanic in origin (Burke and Wilson, 1972; Ferreira et al. 65 

1988; Holik et al., 1991; Carracedo, 1999; Geldmacher et al., 2001, 2006; Patriat and Labails, 66 

2006). However, their groundwater resources and the groundwater chemistry varies greatly 67 

depending on factors like climate, geology and relief. It ranges from islands with abundant 68 

precipitation such as the Azores (Cruz et al., 2014) over the semi-arid Canaries (Herrera and 69 

Custodio, 2014; Custodio et al., 2016) and the desert-like conditions on the Cabo Verde islands 70 

(Heilweil et al., 2006, 2009, 2012; Condesso de Melo et al., 2008; Carreira et al., 2010). The 71 

Madeira archipelago is an intermediate case. The main island Madeira rises to an altitude of 1861 m 72 

and gets abundant precipitation (Prada et al., 2005). However, Porto Santo island, located 45 km 73 

further northeast, only rises 517 m above sea level, gets therefore less precipitation and is semi-arid. 74 

As a result, the groundwaters of Madeira island are dilute with short residence times of water in the 75 

aquifer (Prada et al., 2005), while Porto Santo has groundwater with a much higher solute content 76 

(Condesso de Melo et al., 2008). There is a considerable concern of how climate change will 77 

influence the water resource in Macaronesia. Current model predictions indicate that for Madeira 78 

and the Canaries the predominant winter precipitation will decrease by respectively up to 22 % and 79 

37% before the year 2100 (Cropper, 2013; Cropper and Hanna, 2014). In order to assess how these 80 

changes may affect the chemical composition of the groundwater, a proper understanding of the 81 

controlling geochemical processes is required. 82 

Weathering of volcanic glass is a process of particular importance during the early 83 

stages of basalt weathering, both due to faster dissolution rates of glass as compared to minerals but 84 

also due to the relatively high exposed surfaces areas of the glass (Gislason and Oelkers 2003). 85 

Volcanic glass weathering has been studied in relation to soil development with bulk transformation 86 

into minerals like halloysite and smectites (Dubroeucq et al., 1998; Mirabella et al., 2005). Volcanic 87 
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glass weathering has also been studied as a natural analogue to evaluate the resistance of artificial 88 

radioactive waste glasses against corrosion (Lutze et al., 1985; Crovisier et al., 1992; Magonthier et 89 

al., 1992; Vernaz and Dussossoy, 1992). In recent years the potential storage of CO2 in basaltic 90 

rocks on Iceland has been investigated and here it was found that the interaction between the 91 

injected CO2 and the basalt results in the extensive precipitation of carbonate minerals (Matter et 92 

al., 2016; Snæbjörnsdóttir, et al., 2017, 2018) 93 

The initial stage of low temperature volcanic glass alteration consists of leaching of 94 

the glass surface and has been studied using analysis of volcanic glass surfaces from Iceland 95 

(Magonthier et al., 1992), the Azores (Mungall and Martin, 1994) and Gran Canaria (Cousens et al., 96 

1993). During the meteoric exposure of the volcanic glass surface, water diffuses into the glass 97 

surface and creates a reaction zone enabling H3O
+ to enter and exchange Na+ for H+. The H+ ion 98 

interdiffuses with particularly Na+, without devitrification (White, 1983; Magonthier et al., 1992; 99 

Vernaz and Dussossoy, 1992; Mungall and Martin, 1994; Fiore et al,, 1999). Magonthier et al., 100 

1992 showed that upper Pleistocene obsidian from Iceland had the upper 100 nm of the surface 101 

layer depleted in Na and enriched in H. With increasing depth below the glass surface, the 102 

concentration of H+ rapidly decreased as it is controlled by solid state diffusion of H3O
+ into the 103 

glass. In good accordance, Mungall and Martin (1994) did calculate a diffusion coefficient for Na+ 104 

out of the trachyte glass of 1.8-6.1 x 10-19 cm2/s, and White (1983) 6.1 x 10-19 cm2/s for obsidian, 105 

both in the range expected for solid state diffusion. The result of this diffusion controlled Na+ / H+ 106 

exchange process is that it initially is fast but will come to almost a standstill as it moves away from 107 

the glass surface. The initial stage of volcanic glass leaching with Na+/H+ exchange is fast enough 108 

to significantly influence the water chemistry (Truesdell, 1966; White, 1983) and may result in high 109 

NaHCO3 groundwater (Truesdell, 1966; White, 1979; White et al., 1980). Here, we try to combine 110 

the insights obtained from solid phase chemistry and experimental evidence on water-volcanic glass 111 
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interactions into a quantitative geochemical model to interpret how volcanic glass H+/Na+ surface 112 

exchange could have resulted in high NaHCO3 groundwater on the semi-arid island Porto Santo.  113 

 114 

2. Geological and Hydrogeological setting  115 

Porto Santo is a volcanic island, part of the Madeira archipelago that is located in the Atlantic 116 

Ocean, west of southern Europe and northern Africa. It is a small island (42.2 km2) extending 117 

between 32° 59’ and 33° 07’ N and 16° 16’ and 16° 24’ W. The island is quite a flat and 118 

characterized by two distinct regions; the rugged northeast part with some of the highest peaks, up 119 

to 517 m high, and the southwest consisting of a low lying coastal plain with a nine-kilometer-long 120 

white sand beach. The island has a semi-arid climate and soils for agriculture are sandy and poor in 121 

nutrients. Freshwater resources very scarce and the island relies mostly on groundwater for 122 

irrigation and on seawater desalination for public water supply. 123 

 124 

2.1 Geology 125 

 The volcanic activity under the island of Porto Santo was initiated on the sea bottom at 3000 m 126 

depth over a hot spot (Mata et al., 1998). The oldest volcanic activity is dated 16 mill years B.P. and 127 

the latest volcanic activity took place 10 mill years ago (Ferreira et al., 1988; Ferreira and Neiva, 128 

1996). The geological formations of Porto Santo are divided into two main rock types (Fig. 1): 129 

extrusive igneous rocks, mainly basalts, directly linked to the volcanic origin of the island itself; 130 

and sedimentary rocks, that cover about one third of the island and include fossiliferous limestone 131 

breccias, sandy limestones and marls, carbonate eolianites, sand dunes, limestone crusts and 132 

alluvium, slope and beach deposits (Ferreira and Neiva, 1996). The volcanic rocks include a 133 

submarine sequence with the oldest rocks (basaltic and trachybasaltic flows interlayered with 134 
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pyroclastites and hyaloclastites, and other volcaniclastic deposits); and a subaerial sequence 135 

composed with mainly basaltic clastolavas (trachytic rocks, in the form of domes and lava flows, 136 

mugearites and hawaiites) that overly subaerial basalts (Ribeiro & Ramalho, 2010). The carbonate 137 

sediments show frequent paleosol features such as caliche reflecting arid conditions, as does the 138 

occurrence of montmorillonite as a weathering product of the volcanic rocks. 139 

 140 

2.2 Hydrogeology 141 

The low permeability volcanic rocks dominate Porto Santo in the north and south-western parts 142 

(Fig. 1) and give rise to steep slopes that promote surface runoff and limits groundwater recharge 143 

and availability. Carbonate eolianite deposits and coastal sands are present in the western and 144 

central part of the island and have good aquifer properties but limited rainfall and high 145 

evapotranspiration rates constrain the recharge processes.  146 

The average annual rainfall is less than 500 mm (IPMA, 2017), occurring often as 147 

short heavy events during winter that may produce flash floods and strong landscape erosion 148 

(locally called ‘badlands’). Direct evaporation from open pan yielded average of 1471 mm per 149 

annum. Indirect estimates using the Penman (1948) and Thornthwaite (1948) equations gave 150 

respectively 1887 and 889 mm per annum. The average monthly evaporation values for all 151 

measured months, and all methods, are higher than the average monthly precipitation. Thus, all 152 

three evapotranspiration values conclude to a water deficit on the island. The groundwater recharge 153 

calculated using the chloride mass balance approach yields 11.4 mm per annum (Shandilya, 2017). 154 

The regional management plan of hydrographic network in archipelago of Madeira (APA, 2016) 155 

reports an average annual recharge volume of 20.4 mm.  156 
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Four major hydrogeological units have been defined in the island (Ferreira & Neiva, 157 

1996): (1) carbonate eolianites; (2) beach sands; (3) eruptive volcanic rocks; and, (4) weathered 158 

volcanic rocks with clay (Fig. 1). The carbonate eolinites and the beach sands form the most 159 

permeable and productive aquifer units of about 30 to 50 m deep; while the volcanic formations in 160 

the form of basalts, rhyolite and trachyte are fractured and weathered at places but infiltration and 161 

transmissivity is very limited. The geological contacts between sedimentary and volcanic 162 

formations provide preferential pathways for a number of springs, which are mainly used for crop 163 

irrigation. In terms of conceptualization of groundwater flow circulation, it can be said that 164 

rainwater is the main source of groundwater recharge but effective recharge is <5% of the total 165 

annual rainfall due to evapotranspiration. The groundwater circulates following the topographic 166 

gradients to the central part of the island and to the coast. In the volcanic rocks, water infiltrates and 167 

circulates through fractures and dykes discharging to main low laying aquifer units (carbonate 168 

eolianites and beach sands) and through springs. 169 

The submarine volcanic formations that cooled very fast when extruded on the sea floor 170 

contain connate seawater and this may justify the high groundwater salinities observed in some 171 

volcanic formations located far away from the coast (Supplementary Materials Fig. A1.1). In the 172 

case of the hyaloclastite formation, the fast cooling processes caused them to consist of about 90% 173 

trachy-rhyolite volcanic glass. Hyaloclastites are very abundant on the island and have a great 174 

importance for the enrichment of some elements in groundwater (As, F, Ni). Although 175 

stratigraphically older than the calcarenite eolianite formation (main aquifer), topographically they 176 

are often located at higher altitudes above the phreatic level and are along recharge flow path 177 

reacting with infiltrating water. This means that water circulates through the hyaloclastites through 178 

fractures and along dykes (trachyte and basalt) and discharges into the calcarenite eolianite 179 

formation.  180 
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 181 

3. Data Collection and Analysis 182 

Groundwater samples were collected from all major geological formations during various field 183 

campaigns (Fig. 1). Twenty samples were taken from calcarenite aquifers, 15 samples are from 184 

hyaloclastite deposits, 8 samples are from submarine basalt deposits, 3 from weathered pyroclasts 185 

deposits, and there is one sample in each of the following, tuff, pillow lava, trachyte. The total 186 

dataset comprises 52 samples of which 36 were collected and analyzed during previous campaigns 187 

which are reported in Condesso de Melo et al., (2008) and Silva et al., (2008). The remaining 188 

samples were collected during the spring of 2017 (Shandilya, 2017). Because of the low infiltration 189 

rate and therefore the long groundwater residence time, the results of the different sampling 190 

campaigns are considered comparable. The sampling sites include springs, shallow aquifer wells 191 

and boreholes, some with a large diameter, spatially distributing over the whole island. A multiport 192 

flow-through cell connected in-line to the sampling points was used to measure pH, temperature 193 

(T), specific electrical conductance (SEC) and dissolved oxygen (DO). Water samples were taken 194 

from the discharge point during pumping, once stabilization of the principal field parameters: pH, 195 

temperature (T), specific electrical conductance (SEC) and dissolved oxygen (DO) was observed. 196 

Water samples were on-site filtrated through 0.45 µm membrane filters using a syringe. On-site 197 

measurements also included the determination of alkalinity (quoted as HCO3
-) by acid titration 198 

using standard colorimetric titration HACH® kit method. The method involved titrating 100 mL of 199 

the sample with sulphuric acid 1.6 N to pH~4.5 using a bromocresol green indicator. The analysis 200 

of major, minor and trace elements of the samples for all field campaigns was performed by 201 

ICP/MS at the Activation laboratories in Ontario (Canada). Electroneutrality was used as a quality 202 

control for major components, and ionic mass balances with errors between –10% and +10% were 203 

considered to be acceptable, and 57% of the analyses were within ± 5%. Speciation calculations and 204 



10 

 

geochemical modeling were carried out using PHREEQC-3 (Parkhurst and Appelo, 2013) and the 205 

database PHREEQC.DAT. 206 

 207 

4. Results 208 

4.1. Major groundwater components 209 

The groundwater on the island of Porto Santo is oxic with an O2 concentration in the range 0.06 to 210 

0.27 mM (1.86-8.7 mg/L) and has a temperature in the range 17-22 oC. The pH of the groundwater 211 

spans from 6.6 to 9.2 with the large majority of the samples in the range 7.5-8.5. Figure 2 displays 212 

the major ion water chemistry, while indicating the sampled aquifer type (Fig. 2c) as well as the 213 

seawater ion/Cl molar ratios, using the seawater composition of Turekian (1968). The majority of 214 

the samples contains between 2 and 10 mol % of 35 ‰ seawater, as judged from their chloride 215 

content (Fig. 2). The distribution of the Cl concentration over the island (Supplementary Material 216 

Figure A1.1) is more or less random with some of the highest values in the centre of the island. The 217 

Br/Cl molar ratio (Supplementary Material Figure A1.2) is very close to that of seawater. Almost all 218 

waters (Fig. 2a) exceed the WHO guidelines for Cl (250 mg/L ≈ 7 mM) as well as for Na (200 219 

mg/L ≈ 8.7 mM). The Na concentration is up to 30 mM higher than predicted from the seawater 220 

Na/Cl ratio. Also notable is the strong enrichment, of up to 20 mM, in alkalinity as compared to 221 

seawater (Fig. 2b). There is no major difference in Na or alkalinity concentration between carbonate 222 

and volcanic aquifers even though the highest contents were measured in volcanic aquifers. Neither 223 

is there a significant difference in concentration between the various volcanic rock types. For Ca, 224 

the groundwater in carbonate aquifers is with few exceptions conform the Ca/Cl ratio in seawater 225 

(Fig. 2c). In volcanic aquifers the Ca content is, at lower Cl concentrations, well below the Ca/Cl 226 

seawater ratio while for higher Cl concentrations the Ca/Cl ratio is much higher. Again these 227 
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differences are not related to the type of volcanic aquifer rock. Finally for Mg (Fig. 2d), almost all 228 

samples, except for those with the highest Cl, are depleted with Mg as compared to the Mg/Cl 229 

seawater ratio. The WHO guideline for Mg of 50 mg/L (≈ 2.1 mM) is exceeded in several samples, 230 

which also have a high Cl concentration.  231 

Both for Sr (Fig. 3a) and K (Fig.3b) the groundwater from carbonate aquifers tends to 232 

be enriched as compared to the ion/seawater ratio while the reverse is the case for the volcanic 233 

aquifers. However, at a high Cl concentration, where also high Ca was found (Fig. 2c), several 234 

samples show a very high Sr concentration (Fig. 3a). The sulfate concentration (Fig. 3c) is generally 235 

higher than the seawater line with nearly half of the samples exceeding the WHO guideline of 250 236 

mg/L (≈ 2.6 mM) while there is no significant difference between carbonate and volcanic aquifers. 237 

Finally, nitrate (Fig. 3d) is generally below the WHO guideline of 50 mg/L (≈ 0.8 mM) but in a few 238 

cases more than 1 mM NO3 is found reflecting the sparse agricultural activity.  239 

 240 

4.2. Contaminant trace components F, B, As and V 241 

Most of the groundwater contains a fluoride in excess of the WHO limit of 1.5 mg/L (≈ 0.08 mM) 242 

with the concentration becoming as high as 0.3 mM (Fig. 4a) and fluorosis (dental mottling) is 243 

commonly found on the island (Mendes, 2006). No significant difference is found between the 244 

fluoride concentration in carbonate or volcanic aquifers. Boron is the only substance discussed here 245 

where the European Community (1998) guideline (1 mg/L ≈ 0.1 mM) deviates from the WHO 246 

guideline (0.5 mg/L ≈ 0.05 mM) guideline. The groundwater reaches a boron concentration of up to 247 

0.55 mM (Fig. 4b) exceeding both guidelines in nearly all samples. In addition, the boron 248 

concentrations are much higher than predicted by the seawater B/Cl ratio and generally B tends to 249 

be higher in carbonate aquifers than in volcanic aquifers although there is an overlap. Finally, there 250 
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are a number of occurrences where the WHO guideline for arsenic (10 µg/L ≈ 0.13 µM) is exceeded 251 

(Fig. 4c). The vanadium concentration (Fig.4d) is in most cases < 1 µM but in several volcanic 252 

aquifers values of up to 6 µM are found. There is no WHO, nor EU, guideline for vanadium in 253 

drinking water but in Italy the Superior Council of Health (SCH, 2001) has given a guideline value 254 

for vanadium in drinking water of 50 µg/L ≈ 1 µM. As displayed in Fig. 4d, this guideline is 255 

exceeded in a number of wells. The complete dataset of chemical groundwater analyses has been 256 

appended as the file:  Porto Santo_groundwater chemistry.xlsx 257 

 258 

4.3. Mineral equilibria 259 

Figure 5a shows the calculated activities of Ca2+ and CO3
2- in the groundwater and the solubility 260 

lines for the two CaCO3 minerals, calcite and aragonite. As shown in Fig. 5a, aragonite has a higher 261 

solubility than calcite. The groundwater data plots around the solubility lines for the two minerals, 262 

suggesting overall an equilibrium control of dissolved carbonate and Ca by CaCO3 equilibria. There 263 

is a weak tendency of carbonate aquifers being more supersaturated than the volcanic aquifers. Part 264 

of the observed supersaturation can be an artefact from sampling large diameter wells, tunnels and 265 

galleries, where CO2 degassing and mixing can occur, causing the pH to increase and as a result the 266 

water may become more supersaturated with respect to CaCO3 than it was in situ in the aquifer. 267 

Aragonite is particularly abundant in recent carbonate sediment and can contain much more Sr than 268 

calcite (Appelo and Postma, 2005). The high groundwater Sr concentration (Fig. 3a) may therefore 269 

indicate recrystallization of aragonite into the more stable calcite. 270 

Figure 5b shows the saturation state of the groundwater with respect to fluorite (CaF2). All 271 

groundwater samples are subsaturated towards fluorite and there is no significant difference 272 

between carbonate and volcanic aquifers. There is, however, an overall tendency that waters high in 273 
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F-, are low in Ca2+ and vice versa. Again, one should bear in mind that sampling from large 274 

diameter wells and galleries may cause mixing of waters with a different composition which will 275 

influence the saturation state. For silica (Fig. 6), the concentration reaches 1.5 mM with the highest 276 

values found in the volcanic aquifers which indicates that weathering of volcanic glass plays a role. 277 

All groundwaters are supersaturated with respect to quartz (Fig. 6) and all volcanic aquifer samples 278 

are supersaturated with respect to chalcedony but subsaturated with respect to amorphous silica. 279 

Similar Si concentrations were found by Gislason and Eugster (1987) in basalts on Iceland.  Finally 280 

for gypsum (not shown), the groundwater is always subsaturated by more than an order of 281 

magnitude. 282 

 283 

5. Discussion 284 

The groundwater chemistry of the island Porto Santo displays a number of different influences. 285 

First off all there is a distinct seawater component which may originate either from seawater 286 

captured in the rocks when submerged under sea-level, or present day seawater input as sea-spray 287 

and aerosols. The distribution of Cl over the island (Supplementary Material Figure A1.1) shows no 288 

clear pattern and has some of the highest values in the centre of the island where it probably is 289 

released from connate water in hyaloclastites. However, the seawater component does never 290 

exceeds 10 %. Secondly, there is not a big difference in the water chemistry of carbonate and 291 

volcanic aquifers and neither are there major differences between the different volcanic aquifer 292 

types.  This is due to the complex hydrogeology with groundwater flowing from the topographic 293 

higher volcanic areas in the NE and SW of the island (Fig. 1) into the lower carbonate basin located 294 

in the centre (Shandilya, 2017). In addition, the carbonate sediments contain up to 10 % grains of 295 

volcanic origin (Silva, 2002). Particularly the higher Si concentration in volcanic rock aquifers 296 
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indicates that weathering of volcanic rocks is also important. Key features to be explained are the 297 

very high alkalinity and Na+ concentrations which are in large excess of the seawater Na/Cl ratio, 298 

and the presence of a suite of trace contaminants like F, As, B, V. In the following, we will first 299 

discuss the overall processes on the major component water chemistry and thereafter try to place the 300 

occurrence of the contaminants into the picture.    301 

 302 

5.1. Aquifer Freshening  303 

The occurrence of NaHCO3 groundwater is often attributed to freshening conditions in aquifers 304 

(Stuyfzand, 1993; Walraevens and Cardenal, 1994; Appelo, 1994; Condesso de Melo, 2002; Appelo 305 

and Postma, 2005; Postma et al. 2009). Here we explore if aquifer freshening could be a possible 306 

explanation for the occurrence of NaHCO3 groundwater on Porto Santo.  307 

In the classical aquifer freshening scenario, the resident seawater in the aquifer is 308 

displaced by incoming freshwater. In contact with seawater, the sediment exchanger will be rich in 309 

adsorbed Na+, while the incoming freshwater normally is dominated by Ca2+ and HCO3
-, due to 310 

equilibrium with CaCO3. The Ca2+ in the incoming solution will exchange with adsorbed Na+, 311 

causing the Ca2+ concentration to decrease: 312 

½Ca2+ + Na-X  → ½Ca-X2 + Na+    (1) 313 

The decrease in the Ca2+ concentration will cause sedimentary CaCO3 to dissolve: 314 

CaCO3 + H2CO3  → Ca2+ + 2HCO3
-    (2) 315 

Which will initiate further displacement of Na-X by Ca2+. The result of the two coupled reactions 316 

will be water enriched in both Na+ and HCO3
-. In the case of Porto Santo a freshening scenario 317 

could be envisioned with the island originally submerged below sealevel, while upon emergence 318 
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above sealevel, freshwater infiltration slowly displacing the seawater from the aquifer. Since Porto 319 

Santo groundwaters presently only contains up to 10 mol % seawater, it would in this scenario 320 

represent the distal part of the freshening front. As shown in Fig. 2, both Na+ and HCO3
- 321 

concentrations are strongly elevated as compared to the seawater Na/Cl and HCO3/Cl ratios and 322 

therefore at least qualitatively consistent with a freshening scenario. 323 

To explore the freshening scenario more quantitatively we have build a PHREEQC 324 

model. In short, the model consist of a sediment column filled with seawater equilibrated with 325 

aragonite and a cation sediment exchanger. Through this column freshwater is transported, 326 

consisting of water equilibrated with aragonite at a PCO2 = 10-2 which is close to that of the 327 

groundwater samples. The PHREEQC input file and the full results are given in Supplementary 328 

Materials A3. During the model run, Na+ is displaced from the exchanger by Ca2+ and alkalinity 329 

increases due to carbonate dissolution causing the Na/Cl and Alk/Cl ratios to increase. These 330 

increases, as predicted by the PHREEQC model can be compared with the groundwater 331 

observations (Fig. 7). The comparison shows that the measured groundwater Na/Cl and HCO3/Cl 332 

ratios are much higher than what is predicted by the PHREEQC freshening model and any attempt 333 

to diminish the disagreement by adjusting model parameters within reasonable limits did fail. Also 334 

the pH and PCO2 predicted by the model are at variance with groundwater observations since the 335 

PHREEQC model (Fig. 7) predicts increasing pH and decreasing PCO2 towards low Cl 336 

concentration, which is not seen in the groundwater data. The inevitable conclusion is therefore that 337 

aquifer freshening is not a satisfactorily quantitative explanation for the Porto Santo groundwater 338 

chemistry.   339 

 340 

5.2. Volcanic glass alteration 341 
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Leaching of the volcanic glass surface with exchange of H+ for Na+ has been suggested as a 342 

mechanism leading to the development of sodium bicarbonate rich groundwater (Truesdell, 1966; 343 

White, 1979; White et al., 1980), and here we examine this process as a possible cause for the 344 

observed enrichment of the Porto Santo groundwater by Na+ and HCO3
-. An alternative explanation 345 

could be the bulk weathering of volcanic glass and basalt with incongruent dissolution of the parent 346 

rock and the precipitation of secondary phases like smectites, zeolites and carbonates. The 347 

precipitation of secondary phases like smectites, zeolites or carbonates may preferentially remove 348 

bivalent ions like Ca and Mg as compared to Na (White et al, 1980; Crovisier et al., 1992; Flaathen 349 

et al., 2009). In the compilation of volcanic glass compositions of Wolf-Boenish et al. (2004) the 350 

molar Ca/Na ratio ranges from 0.3 to 9.6 with more than 2/3 of the samples having a Ca/Na > 1. For 351 

Mg the data of Wolf-Boenish et al. (2004) shows a molar Mg/Na ratio between ranges from 0.01 352 

and 6.3 with more than 2/3 of the samples having a Mg/Na > 0.7. For comparison, Flaathen et al. 353 

(2009) reported spring water in basalts on Iceland with molar ratios for Ca/Na of 1-2 and Mg/Na 354 

0.1-0.5 as the result of weathering. The Porto Santo groundwater, however, features up to 20 mM 355 

Na, but almost no Ca in excess of the seawater contribution, except for a few samples, and in most 356 

samples there is a deficit in Mg as compared to the seawater contribution (Fig. 2d). Therefore, if 357 

this water predominantly were the result of incongruent bulk dissolution of volcanic glass, then it 358 

would require an extremely more effective selective removal of Ca and Mg than observed by 359 

Flaathen et al. (2009). Our preferred interpretation is consequently that the high Na+ and HCO3
- 360 

concentrations primarily are the result of H+ /Na+ surface exchange on the volcanic glass surface as 361 

explained in more detail below and which is supported by surface analysis of volcanic glass 362 

occurring in the field (Magonthier et al., 1992; Mungall and Martin, 1994).  363 

There is experimental evidence for a fast exchange reaction between solutes and the 364 

glass surface that may influence the water chemistry. Truesdell (1966) constructed electrodes from 365 
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a number of natural and synthetic grounded glasses and used these to determine the ion exchange 366 

properties of the glasses. The results revealed major variations between the different glasses but all 367 

obeyed the following selectivity sequence 2H+ > 2K+ > 2Na+ > Ca2+ ≥ Mg2+. White 1983 showed 368 

experimentally that depletion of surface Na+ from volcanic glass and Na+ release to the aqueous 369 

solution occurs in a matter of hours. The surface reaction as it affects the water chemistry may be 370 

written as:  371 

Na-X + H+ → H-X + Na+     (3) 372 

Combining this reaction with the dissolution of CO2 and the dissociation of carbonic acid results in: 373 

Na-X + CO2 + H2O → H-X  +  Na+  + HCO3
-   (4) 374 

Accordingly, this reaction scheme results in the formation of NaHCO3 water. A consequence of this 375 

reaction scheme is that the exchange process needs to take place in the presence of continuous CO2 376 

replenishment, like in the soil or in the unsaturated zone with respiration or organic matter 377 

degradation. If there is no CO2 replenishment then reaction (3) will increase the pH, decreasing the 378 

H+ concentration, and therefore the reaction will stop. 379 

We have investigated surface exchange on volcanic glass as a possible explanation for 380 

the composition of Porto Santo groundwater by modelling the ion exchange reaction between a 381 

volcanic glass exchanger, initially filled with Na+, in contact with dilute seawater. The Na-X 382 

exchanger is equilibrated with water containing different amounts of sea-salt at a constant PCO2 of 383 

10-2.25, corresponding to the median PCO2 of the groundwater (Fig. 8). The PHREEQC input file is 384 

listed in Supplementary Materials A4. We here use the notation as given in the PHREEQC database 385 

where ion exchange reactions are described as half reactions with a strength relative to Na+ (Appelo 386 

and Postma, 2005):  387 

Na+ + X-  ↔ Na-X   with log KNa-X = [Na-X]/[Na+][X -] = 0  (5) 388 
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is defined as the reference and 389 

H+ + X- ↔ H-X  with log KH-X =[H-X]/[H +][X -]    (6) 390 

as the competing reaction.  391 

The procedure is to fit the model to the field data for primarily the groundwater Na+ concentration 392 

and the alkalinity by adjusting the association constant KH-X. The PCO2 is kept at a constant value of 393 

10-2.25 in correspondence with the field data (Fig. 8). However, this procedure also needs a value for 394 

the total number of exchange sites, X-, on the glass surface. The number of exchange sites is not 395 

well defined and the choice of value will affect the KH-X needed to model the field data as well as 396 

the amount of surface Na-X sites that is being replaced by mainly H-X. We have modelled the data 397 

for three feasible values for the X- surface concentration, 1 mol/L, 0.1 mol/L and 0.05 mol/L 398 

expressed relative to contacting groundwater. For comparison a montmorrilonite with 1000 meq/kg 399 

(Appelo and Postma, 2005) recalculates to 6.3 mol/L contacting porewater using a porosity of 0.3 400 

and bulk density of 1.86 g/cm3. Likewise, a kaolinite of 30 meq/kg corresponds to 0.2 mol/L 401 

contacting groundwater.   402 

Figure 8 shows the field data together with the model fits while Table 1 presents the 403 

fitted association constants. The field data can be modelled equally well for all three surface site 404 

concentrations (Fig. 8) using the different constants listed in Table 1. The model both can explain 405 

the very high measured Na and alkalinity concentrations and is also consistent with the measured 406 

pH. The release of Na+ from volcanic glass and the associated build-up of alkalinity is in the model 407 

controlled by the displacement of Na-X by mainly H-X. The main differences between model and 408 

field data are caused by samples that deviate in PCO2 from the value used in the model. Thus, a 409 

number of samples at low Cl concentration have a particularly high PCO2 causing the pH and 410 

alkalinity to become lower.  411 
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For a high exchange site concentration only a small fraction of the surface Na-X needs 412 

to be replaced to produce the aqueous Na+ and alkalinity concentration, while for a lower exchange 413 

site concentration a greater fraction of Na-X must be replaced to obtain the same Na+ and alkalinity 414 

concentration. Therefore, the KH-X is larger for a low concentration of X- than for a higher X-. In all 415 

cases the H-X association constant is very high which is required in order to displace Na-X on the 416 

surface because the H+ concentration always is very low as compared to the Na+ concentration. To 417 

assess what a reasonable exchange site concentration could be, the amount of Na-X displaced from 418 

the glass surface as calculated by the model (Table 1), can be compared with field measurements. 419 

Magonthier et al. (1992) showed that upper Pleistocene obsidian from Iceland had about half of the 420 

surface sites of Na+ replaced by H+. Mungall and Martin (1994) showed that altered pumice from 421 

the Azores had lost 33-43 % of its Na. If these surface concentrations also apply to Porto Santo, 422 

then they indicate that the surface exchange site concentration of Porto Santo volcanic glass is near 423 

the low end and the log KH-X near the high end of the range given in Table 1. 424 

The surface sites also function as an ion exchanger taking up ions from the solution as 425 

demonstrated by Truesdell (1966). Seawater is high in Mg2+ and the depletion of the groundwater as 426 

compared to the seawater Mg/Cl ratio suggests the uptake of Mg by the glass surface from seawater 427 

as given by the reaction: 428 

Mg+2 + 2X- ↔ Mg-X2  with   KMgX2 = [Mg-X2]/[Mg2+][X -]2  (7) 429 

While on a exchanger like clay mineral, multivalent ions are always much stronger adsorbed than 430 

monovalent ions (Appelo and Postma , 2005), this is not the case for the volcanic glass surface 431 

where divalent ions actually are adsorbed more slightly (Truesdell, 1966). To fit our field data (Fig. 432 

8) we therefore have to lower the association constant for Mg-X2 (Table 1) by several orders of 433 

magnitude as compared to standard values for clay (Appelo and Postma, 2005). In addition, we 434 
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have included Ca2+ in the exchange model and following Truesdell (1966) we have included Ca-X2 435 

in the model using the same log K value as for MgX2 (Table 1). 436 

Ca+2 + 2X- ↔ Ca-X2  with   KCaX2 = [Ca-X2]/[Ca2+][X -]2  (8) 437 

Finally, equilibrium with aragonite (CaCO3) was included in the model to inspect the interaction of 438 

volcanic glass ion exchange with mass transfer of the sedimentary carbonate. The modelled data for 439 

Ca2+ compares well with the field data (Fig. 8) showing a little depletion as compared to the 440 

seawater Ca/Cl ratio. In the model runs, there is very little mass transfer for aragonite with only a 441 

small amount of aragonite dissolving at a low Cl and a small amount of aragonite precipitation at a 442 

higher Cl concentration.  443 

Mungall and Martin (1994) found that the volcanic glass surface apart from protons 444 

also becomes enriched in Sr due to uptake from the solution (Cousens et al., 1993). Indeed many of 445 

the volcanic groundwaters on Porto Santo, show a depletion in Sr relative to the seawater Sr/Cl ratio 446 

(Fig. 3a) which is in agreement with the initial weathering of volcanic glass. The samples showing a 447 

Ca/Cl ratio far above the seawater Ca/Cl ratio (Fig. 2c) are the exception. Truesdell (1966) also 448 

found that volcanic glass has a preference for K+ over Na+, which is consistent with the depletion of 449 

K + that is observed in many of the samples from volcanic aquifers (Fig. 3b). However, Sr2+ and K+ 450 

are not quantitatively important components in Porto Santo groundwater and therefore they are not 451 

included in the model. Overall, the model shows that surface exchange on the volcanic glass could 452 

be a consistent explanation for the development of high NaHCO3 waters. However, further work is 453 

needed to verify whether the fitted exchange constants and surface site concentrations constitute 454 

realistic values.  455 

 456 

5.3. Trace Contaminants  457 
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5.3.1. Fluoride 458 

Enhanced fluoride in groundwater is a drinking water problem affecting more than 200 million 459 

people globally, and is widespread particularly in arid regions of Asia, Africa and America 460 

(Edmunds and Smedley, 2013). Fluoride is dissolved in the groundwater as the free F- ion and 461 

probably has a volcanic source. During volcanic eruptions fluoride is primarily emitted in volatile 462 

form. However, it may become associated with surfaces of basalts or volcanic ashes (White and 463 

Hochella, 1992) or to tephra particles extracted from the hydrothermal system during steam 464 

explosions (Cronin et al., 2003). In either case, fluoride forms phases such as CaF2, MgF2, or AlF3, 465 

on the surface of volcanic glass and these compounds may subsequently dissolve and lead to high F 466 

concentrations in surface waters, which in several cases has led to the death of sheep due to 467 

fluorosis (Óskarsson, 1980; Cronin, et al., 2003). Once in a surface environment fluoride can be 468 

retained either in the form of fluorite, fluorapatite, become incorporated to carbonate minerals or be 469 

adsorbed onto clay minerals (Du et al., 2011) and Fe-oxides (Tang et al., 2010). Fluoride is 470 

preferentially incorporated in aragonite (Ichikuni, 1979; Tanaka and Ohde, 2010) as compared to 471 

calcite (Kitano and Okumura, 1973). Within marine carbonate sediments, fluoride remains well 472 

preserved in mineral phases like aragonite, high Mg-calcite and fluorapatite (Rude and Aller, 1991). 473 

This is probably the reason why there is little difference in the F concentration between carbonate 474 

and volcanic aquifers (Fig. 4a). Under the present day semi-arid groundwater conditions very little 475 

flushing of fluoride out of the system will take place. The groundwater Sr concentrations above the 476 

Sr/Cl seawater ratio (Fig. 3a) could indicate the dissolution of aragonite, which is able to contain a 477 

high amount of fluoride. However, there is no correlation (not shown) between the Sr and F 478 

concentration, suggesting that aragonite is not an important source for groundwater fluoride. As 479 

shown in Fig. 5b, the distribution of the fluoride concentration is roughly inversely correlated to the 480 

Ca concentration but not strictly confined to the fluorite (CaF2) equilibrium line as has been found 481 
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in other studies (Handa, 1975). Fluoride present in the groundwater today could originate from the 482 

dissolution of fluorite, possibly mixed with waters containing less fluoride. Such mixing could 483 

occur in situ and be due to fracture flow, but may also be the result from sampling groundwater 484 

from large diameter wells, tunnels and galleries. However, fluorite has not been identified as a 485 

mineral present in the deposits. 486 

 487 

5.3.2. Boron 488 

As shown in Fig. 4b, almost all groundwater samples significantly exceed the WHO guideline value 489 

for boron of 0.5 mg/L (≈ 0.05 mM). Boron is suspected to have a detrimental effect on developing 490 

foetuses and testes and as a result lead to reduced fertility. High B groundwaters are reported from 491 

around the Mediterranean (Vengosh et al., 2005; Pennisi, et al., 2006; Voutsa et al., 2009), 492 

Argentina (Smedley et al., 2002), Bangladesh and the USA  (Ravenscroft and McArthur, 2004). 493 

Boron is primarily present in the groundwater as boric acid (H3BO3) and borate (B(OH)4
-). Below 494 

pH 9 most boron is present as boric acid but above pH 9 borate become the predominant form. 495 

Thus, B is present mainly as boric acid in the Porto Santo groundwater although in the samples with 496 

the highest pH, up to 50 % may be present as borate. Experimental studies indicate that boron may 497 

adsorb to clay minerals and Fe oxides. Boron may also become incorporated in carbonate minerals 498 

(Balan et al., 2016). For clay minerals and soils, the ionic strength (Goldberg et al., 1993) and the 499 

pH (Keren and Mezuman, 1981; Palmer et al., 1987) were reported to affect boron adsorption. 500 

However, in our field data there is no apparent relation between B and the EC, used as expression 501 

for the Ionic Strength (Supplementary Materials Figure A1.3) nor does pH seem to affect the B 502 

concentration (Supplementary Materials Figure A1.4). Anion competition of boron with nitrate, 503 

sulfate molybdate and phosphate on clay and soil are not important (Goldberg et al., 1996). 504 
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However, Brockamp (1973) found that the presence of bicarbonate does diminish boron adsorption 505 

on clay. Our data shows a relation between the B concentration and Alk-react, which is alkalinity 506 

corrected for the contribution derived from the seawater component and in fact B correlates even 507 

better with Na-react (Fig. 9). Ravenscroft and McArthur (2004) found similar relations in 508 

groundwater from Bangladesh and the USA. They argued that the enhanced B concentration 509 

correlated with alkalinity, indicated B release from the sediment to be due to displacement of B on 510 

surface sites by HCO3
- as the result of aquifer freshening. This explanation could also apply to 511 

H/Na exchange on the volcanic glass surface. Interestingly, Pennisi et al. (2006) arrived to the 512 

opposite conclusion; they argue that high B in groundwater reflects groundwater intrusion and 513 

attribute the B mobilization to the ionic strength effect. 514 

 515 

5.3.3. Arsenic 516 

Almost 30 % of the groundwater samples from Porto Santo exceeds the WHO guideline for arsenic 517 

of 10 µg/L (≈ 0.13 µM) (Fig. 4c) and high As appears to occur more often in the carbonate than in 518 

volcanic aquifers. Arsenic in groundwater is probably globally the most serious groundwater 519 

contamination problem (Ravenscroft et al., 2009; Smedley and Kinniburgh, 2013). Arsenic 520 

contamination problems in groundwater of arid climates, have been reported from in Argentina 521 

(Nicolli et al., 1989; Bhattacharya et al., 2006; Smedley et al., 2002, 2005), Chile and Mexico and 522 

the SW USA (Smedley and Kinniburgh, 2013; Welch and Lico, 1998). Since the groundwater in 523 

these systems is oxic, dissolved arsenic will be present in the oxidized As(V) form. The 524 

groundwater on Porto Santo has a pH in the range 7.5-8.5 and the predominant species will 525 

therefore be HAsO4
2- (Appelo & Postma, 2005).  As(V) readily adsorbed to the surfaces of Fe-526 

oxides and clays (Martin et al., 2014) as well as on carbonate (Sø et al., 2008).   527 
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The arsenic is thought to originate mainly from volcanic glass (Nicolli et al., 1989; 528 

Bhattacharya et al., 2006; Scanlon et al., 2009) but a major part is after the release from volcanic 529 

glass retained in the sediments as adsorbed As(V). Smedley et al. (2005) and Smedley and 530 

Kinniburgh (2013) argued that desorption of As(V) towards high pH (> 8.5) is an important 531 

mobilization mechanism and Bhattacharya et al. (2006) observed a relation between dissolved As 532 

and the pH. On the other hand, Scanlon et al. (2009) found no relation between dissolved As and 533 

pH. In the Porto Santo data is there is no relation between dissolved As and pH either 534 

(Supplementary Materials Figure A1.5). Scanlon et al. (2009) argued that As mobilization could be 535 

caused by a counterion effect where the adsorption of cations changes the surface charge thereby 536 

mobilizing As. 537 

 538 

5.3.4. Vanadium 539 

Another solute which originates from groundwater-volcanics interactions, is vanadium which in 540 

Porto Santo groundwater reaches a concentration of up to 6 µM.  Enhanced vanadium 541 

concentrations, commonly found in conjunction with fluoride and arsenic, have also been observed 542 

on the Canary island of El Hierro (Luengo-Otoz et al., 2014), near Mt Etna (Aiuppa et al., 2000; 543 

Arena et al., 2014) and Argentina (Fiorentino et al., 2007; Nicolli et al., 2012). In these oxic 544 

groundwaters vanadium will typically be present as mobile V(V) oxyanions but it has the ability to 545 

adsorb to the surfaces of particularly Fe-oxides (Wright and Belitz, 2010). 546 

 547 

6. General assessment 548 

The groundwater chemistry on the island of Porto Santo displays a striking similarity to what has 549 

been reported for loess deposits containing abundant volcanic glass fragments from Argentina 550 
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(Nicolli et al., 2012) and tuffaceous aquifers in the southwestern USA (White, 1979; White et al., 551 

1980). These groundwaters are also present under arid climatic settings with little aquifer flushing. 552 

They all feature high concentrations of Na and alkalinity which are consistent with process that 553 

Na+/H+ exchange on the volcanic glass surface (Truesdell, 1966; White et al., 1983; Magonthier et 554 

al., 1992; Mungall and Martin, 1994) and hard to explain by any other mechanism. The Porto Santo 555 

groundwater contain a suite of minor components like F, V, As and B which previously also have 556 

been reported from the groundwaters in Argentina (Smedley et al., 2002; Nicolli et al., 2012). The 557 

presence of these trace components also indicates long groundwater residence times and little 558 

flushing of the aquifer. From a hydrogeochemical point of view, clastic deposits containing 559 

volcanic glass particles, in pyroclastic layers or embedded in loess, are much more likely as a 560 

source of volcanic glass derived ions into groundwater than basalts, because they feature a high 561 

surface area of the small glass particles as well as matrix flow while basalts predominantly have 562 

fracture flow.  563 

 564 

7. Conclusions 565 

1) The high NaHCO3 groundwaters of the volcanic island Porto Santo are consistent with a 566 

mechanism of Na+/H+ exchange occurring on the volcanic glass surface. This process 567 

constitutes only the initial phase of volcanic glass alteration because it is controlled by 568 

solid state diffusion of protons into the glass and Na+ ions out of the glass. The rate of 569 

the exchange process will therefore decrease very strongly as the exchange process 570 

moves below the glass surface. 571 

2) An unlimited CO2 source is needed to buffer the pH at near neutral values while building 572 

up a very high alkalinity. Unlimited CO2 is typical present in the soil and unsaturated 573 
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groundwater zone where CO2 is produced by respiration and organic matter oxidation 574 

and gaseous CO2 transport is fast. 575 

3) Arid climatic conditions with very low infiltration play an important role as well. First, 576 

they provide long groundwater residence times enabling ample time for even slow 577 

volcanic glass weathering. Second, under arid conditions only few pore volumes of 578 

groundwater will flush through the deposits retaining, apart from Na+ and alkalinity, 579 

mobile components like fluoride, boron and vanadium in the aquifer. It follows that 580 

changing climatic conditions will strongly influence the groundwater composition with 581 

increasing concentrations when conditions become more arid and decreasing 582 

concentrations as infiltration increases. 583 

 584 
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FIGURE CAPTIONS 934 

Fig. 1. Main hydrogeological units of Porto Santo island (modified from Ferreira & Neiva, 1996). 935 

Groundwater sampling sites are indicated with dots. 936 

 937 

Fig. 2.  Bulk water chemistry as related to aquifer rock. The sea-line reflects the ion/Cl ratio in 938 

seawater. Also indicated are the recommended maximum concentrations in drinking water by the 939 

WHO. 940 

 941 

Fig. 3.  Water chemistry in carbonate (blue) and volcanic (red) aquifer rock. A detailed symbol 942 

lithology legend is given in Fig. 2c. The sea-line reflects the ion/Cl ratio in seawater. Also indicated 943 

are the recommended maximum concentrations in drinking water  944 

by the WHO. 945 

 946 

Fig. 4.  Trace components in groundwater from carbonate (blue) and volcanic (red) aquifers. A 947 

detailed symbol lithology legend is given in Fig. 2c. The sea-line reflects the ion/Cl ratio in 948 

seawater. Also indicated are the recommended maximum concentrations in drinking water by the 949 

WHO. 950 

 951 

Fig. 5. The saturation state of the groundwater versus a) CaCO3, calcite and aragonite, and b) CaF2, 952 

fluorite. Ion activities calculated with PHREEQC are compared with solubility products given by 953 
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the lines. Blue indicate carbonate aquifer and red volcanic aquifer with a detailed symbol lithology 954 

legend presented in Fig. 2c. 955 

 956 

Fig. 6. The saturation state of the groundwater versus different forms of SiO2. Blue indicate 957 

carbonate aquifer and red volcanic aquifer with a detailed symbol lithology legend presented in Fig. 958 

2c.  959 

 960 

Fig. 7. Groundwater chemistry compared with a modelled freshening scenario as explained in the 961 

main text. Blue dotted lines reflect the PHREEQC model predictions. Solid black lines indicate the 962 

ion/Cl ratio in seawater.  963 

 964 

Fig. 8. Groundwater chemistry as compared to the Na/Cl volcanic glass exchange PHREEQC 965 

model for three different surface site concentrations with different fitted exchange constants as 966 

given in Table 1. Black solid lines indicate the ion/Cl ratio in seawater. 967 

 968 

Fig. 9. Boron in groundwater versus the concentrations of Na and alkalinity corrected for their 969 

seawater contribution. The seawater contribution is calculated from the ion/Cl ratio in seawater 970 

multiplied with the Cl concentration in the groundwater. Blue indicate carbonate aquifer and red 971 

volcanic aquifer with a detailed symbol lithology legend presented in Fig. 2c.  972 

 973 

 974 
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 975 

 976 

 977 

Table 1. Parameters used in the PHREEQC model for volcanic glass exchanger, to fit the 978 

groundwater composition in Fig. 8. 979 

exchange site conc. X- 

mol/L 

log KH-X  log KMg-X2  surface Na-X displaced 

mole % 

1 4.5 -2.3 0.5-1.5 

0.1 5.6 -1.3 5.8-15.5 

0.05 6.0 -1.0 12-31 

 980 

 981 



Fig. 1. Main hydrogeological units of Porto Santo island (modified from Ferreira and Neiva, 

1996). Groundwater sampling sites are indicated with dots.
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Fig. 8. Groundwater chemistry as compared to the Na/Cl volcanic glass exchange PHREEQC model for three

different surface site concentrations with different fitted exchange constants as given in Table 1. Black solid lines 

indicate the ion/Cl ratio in seawater.
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Fig. 9. Boron in groundwater versus the concentrations of Na and alkalinity

corrected for their seawater contribution. The seawater contribution is calculated

from the ion/Cl ratio in seawater multiplied with the Cl concentration in the 

groundwater. Blue indicate carbonate aquifer and red volcanic aquifer with a 

detailed symbol lithology legend presented in Fig. 2c. 



• groundwater on volcanic island Porto Santo is high in Na and HCO3 as well as F, B, As and V 

 

• chemistry is controlled by surface leaching of volcanic glass under arid climatic conditions 

 

• geochemical model, based on the surface exchange of Na
+
 by H

+
 on glass, for the groundwater 

chemistry  
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