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Abstract

The groundwater chemistry of the semi-arid volcasiand of Porto Santo, part of the Madeira
archipelago, Atlantic Ocean, was investigated. Gl the groundwater was brackish, containing
2-10 mol % seawater. Groundwater with up to 20 nthdlanity and a Na enrichment of up to 30
mM, as compared to the Na concentration predicyeitid seawater Na/Cl ratio, was found in the
main aquifer. Also notable are the high concerdretiof F (up to 0.3 mM), B (up to 0.55 mM), As
(up to 0.35 uM), all in excess of WHO recommendstjas well as up to 6 uM V. Geochemical
modeling, using the PHREEQC code, was used to explifferent scenarios that could explain the
genesis of the observed bulk groundwater chemistrgt, a model for aquifer freshening with the
displacement of resident seawater from the aqbifanfiltrating freshwater, was tested. This
scenario leads to the development of NaH@@ters as observed in many coastal aquifers.
However, the measured alkalinity concentratiorhingroundwater was far higher than the
concentration predicted by the freshening modehddition, the behavior of modelled pH ansb
were at variance with their distributions in theldi data. The second model explored the possible
effect of volcanic glass leaching on the groundweltemistry. Using insight derived from studies
of volcanic glass surface alteration as well asexrpental work on water-volcanic glass
interactions, a geochemical model was developechinh the exchange of Hor Na” on the

volcanic glass surface is the main mechanism leuexthange of other cations on the volcanic
glass surface is also included. The uptake ‘dbyithe glass surface causes the dissociation of
carbonic acid, generating bicarbonate. This malebnsistent with the local geology and the field
data. It requires, however, volcanic glass leachingccur in the unsaturated zone where there is an
unlimited supply of CQ The exchange reaction of fbr Na' is confined to the surface layer of
volcanic glass as otherwise the process becomésdiry slow solid state diffusion of Hnto the

glass and Naout of the glass. Therefore, volcanic ash deposith their high volcanic glass



55

56

57

58

59

60

61

62

surface areas and matrix flow, are the aquifergavttes type of high NaHC{waters can be
expected, rather than in basalts, which predomiynéedture fracture flow. The trace components

F, B, As and V are believed to originate from hygédstites, consisting of predominantly (90%) of
trachy-rhyolite volcanic glass. Although stratignaqally older than the main calcarenite aquifer,
topographically they are often located at highg@tuales, above the phreatic level and located along
the main recharge flow path. In addition, the sand-climate conditions provide a long

groundwater residence time for the reactions akagdimited aquifer flushing.
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1. Introduction

The islands of Macaronesia in the Atlantic Oceha,Ganaries, Cape Verde, Azores and the
Madeira archipelago, are predominantly volcaniorigin (Burke and Wilson, 1972; Ferreira et al.
1988; Holik et al., 1991; Carracedo, 1999; Geldneaet al., 2001, 2006; Patriat and Labails,
2006). However, their groundwater resources andgtbendwater chemistry varies greatly
depending on factors like climate, geology ancefeli ranges from islands with abundant
precipitation such as the Azores (Cruz et al., 2014r the semi-arid Canaries (Herrera and
Custodio, 2014; Custodio et al., 2016) and the rtéike conditions on the Cabo Verde islands
(Heilweil et al., 2006, 2009, 2012; Condesso dedvitlal., 2008; Carreira et al., 2010). The
Madeira archipelago is an intermediate case. The island Madeira rises to an altitude of 1861 m
and gets abundant precipitation (Prada et al., R@@&wvever, Porto Santo island, located 45 km
further northeast, only rises 517 m above sea |@e&ts therefore less precipitation and is sendi-ari
As a result, the groundwaters of Madeira islanddétge with short residence times of water in the
aquifer (Prada et al., 2005), while Porto Santograsndwater with a much higher solute content
(Condesso de Melo et al., 2008). There is a coraidie concern of how climate change will
influence the water resource in Macaronesia. Curmmaxdel predictions indicate that for Madeira
and the Canaries the predominant winter precipiatiill decrease by respectively up to 22 % and
37% before the year 2100 (Cropper, 2013; Croppettamna, 2014). In order to assess how these
changes may affect the chemical composition ofjtbendwater, a proper understanding of the
controlling geochemical processes is required.

Weathering of volcanic glass is a process of paledramportance during the early
stages of basalt weathering, both due to fastepllison rates of glass as compared to minerals but
also due to the relatively high exposed surfaceasaof the glass (Gislason and Oelkers 2003).
Volcanic glass weathering has been studied inioglad soil development with bulk transformation

into minerals like halloysite and smectites (Dulnagget al., 1998; Mirabella et al., 2005). Volcanic
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glass weathering has also been studied as a nahatgue to evaluate the resistance of artificial
radioactive waste glasses against corrosion (Leitzd, 1985; Crovisier et al., 1992; Magonthier et
al., 1992; Vernaz and Dussossoy, 1992). In receatsythe potential storage of €0 basaltic

rocks on Iceland has been investigated and herasifound that the interaction between the
injected CQ and the basalt results in the extensive precipitaif carbonate minerals (Matter et

al., 2016; Sneebjoérnsdottir, et al., 2017, 2018)

The initial stage of low temperature volcanic glaksration consists of leaching of
the glass surface and has been studied using anafyslcanic glass surfaces from Iceland
(Magonthier et al., 1992), the Azores (Mungall &maktin, 1994) and Gran Canaria (Cousens et al.,
1993). During the meteoric exposure of the volcghass surface, water diffuses into the glass
surface and creates a reaction zone enabli®j kb enter and exchange Nar H*. The H ion
interdiffuses with particularly Nawithout devitrification (White, 1983; Magonthiet al., 1992;
Vernaz and Dussossoy, 1992; Mungall and Martin4i8%ore et al,, 1999). Magonthier et al.,
1992 showed that upper Pleistocene obsidian fratamd had the upper 100 nm of the surface
layer depleted in Na and enriched in H. With insreg@ depth below the glass surface, the
concentration of Hrapidly decreased as it is controlled by solidesthiffusion of HO" into the
glass. In good accordance, Mungall and Martin ()@#d calculate a diffusion coefficient for Na
out of the trachyte glass of 1.8-6.1 x¥@nf/s, and White (1983) 6.1 x TBcnf/s for obsidian,
both in the range expected for solid state diffasithe result of this diffusion controlled NaH"
exchange process is that it initially is fast bult eome to almost a standstill as it moves awayrir
the glass surface. The initial stage of volcanasglleaching with N&H* exchange is fast enough
to significantly influence the water chemistry (€sdell, 1966; White, 1983) and may result in high
NaHCG; groundwater (Truesdell, 1966; White, 1979; Whitalg 1980). Here, we try to combine

the insights obtained from solid phase chemistd/experimental evidence on water-volcanic glass
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interactions into a quantitative geochemical madéhterpret how volcanic glass'la’ surface

exchange could have resulted in high NaH@@undwater on the semi-arid island Porto Santo.

2. Geological and Hydrogeological setting

Porto Santo is a volcanic island, part of the Meadarchipelago that is located in the Atlantic
Ocean, west of southern Europe and northern Aftidga.a small island (42.2 Kihextending
between 32° 59’ and 33° 07' N and 16° 16’ and 146°®. The island is quite a flat and
characterized by two distinct regions; the ruggedheast part with some of the highest peaks, up
to 517 m high, and the southwest consisting ofaal{ang coastal plain with a nine-kilometer-long
white sand beach. The island has a semi-arid ciirmadl soils for agriculture are sandy and poor in
nutrients. Freshwater resources very scarce angl#éral relies mostly on groundwater for

irrigation and on seawater desalination for pubater supply.

2.1 Geology

The volcanic activity under the island of Portom@®awas initiated on the sea bottom at 3000 m
depth over a hot spot (Mata et al., 1998). Thesildelcanic activity is dated 16 mill years B.Pdan
the latest volcanic activity took place 10 mill ygago (Ferreira et al., 1988; Ferreira and Neiva,
1996). The geological formations of Porto Santodivaled into two main rock types (Fig. 1):
extrusive igneous rocks, mainly basalts, directiged to the volcanic origin of the island itself;
and sedimentary rocks, that cover about one tHitdeoisland and include fossiliferous limestone
breccias, sandy limestones and marls, carbonaemnéek, sand dunes, limestone crusts and
alluvium, slope and beach deposits (Ferreira anddN@996). The volcanic rocks include a

submarine sequence with the oldest rocks (basaltidrachybasaltic flows interlayered with



135  pyroclastites and hyaloclastites, and other votdasiic deposits); and a subaerial sequence

136 composed with mainly basaltic clastolavas (trachygcks, in the form of domes and lava flows,
137  mugearites and hawaiites) that overly subaerialmgRibeiro & Ramalho, 2010). The carbonate
138  sediments show frequent paleosol features suchliabe reflecting arid conditions, as does the

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

140

141 2.2 Hydrogeology

142  The low permeability volcanic rocks dominate P@tmto in the north and south-western parts
143  (Fig. 1) and give rise to steep slopes that proreot&ace runoff and limits groundwater recharge
144  and availability. Carbonate eolianite deposits emastal sands are present in the western and
145  central part of the island and have good aquifeperties but limited rainfall and high

146  evapotranspiration rates constrain the rechargeepses.

147 The average annual rainfall is less than 500 mmlAP2017), occurring often as

148  short heavy events during winter that may prodiehffloods and strong landscape erosion

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

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

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

152  measured months, and all methods, are higher Heaavierage monthly precipitation. Thus, all

153  three evapotranspiration values conclude to a vekgkceit on the island. The groundwater recharge
154  calculated using the chloride mass balance apprgiatds 11.4 mm per annum (Shandilya, 2017).
155  The regional management plan of hydrographic né¢woarchipelago of Madeira (APA, 2016)

156  reports an average annual recharge volume of 24 m
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Four major hydrogeological units have been defindtie island (Ferreira & Neiva,
1996): (1) carbonate eolianites; (2) beach sar@sr(ptive volcanic rocks; and, (4) weathered
volcanic rocks with clay (Fig. 1). The carbonatéretes and the beach sands form the most
permeable and productive aquifer units of abouit3®0 m deep; while the volcanic formations in
the form of basalts, rhyolite and trachyte aretfreerd and weathered at places but infiltration and
transmissivity is very limited. The geological cactis between sedimentary and volcanic
formations provide preferential pathways for a nemdf springs, which are mainly used for crop
irrigation. In terms of conceptualization of growater flow circulation, it can be said that
rainwater is the main source of groundwater reaharg effective recharge is <5% of the total
annual rainfall due to evapotranspiration. The gdwater circulates following the topographic
gradients to the central part of the island anithéocoast. In the volcanic rocks, water infiltradesl
circulates through fractures and dykes dischartprgain low laying aquifer units (carbonate

eolianites and beach sands) and through springs.

The submarine volcanic formations that cooled ¥asy when extruded on the sea floor
contain connate seawater and this may justify thle groundwater salinities observed in some
volcanic formations located far away from the cq&stpplementary Materials Fig. A1.1). In the
case of the hyaloclastite formation, the fast cappprocesses caused them to consist of about 90%
trachy-rhyolite volcanic glass. Hyaloclastites aeey abundant on the island and have a great
importance for the enrichment of some elementsonmdwater (As, F, Ni). Although
stratigraphically older than the calcarenite eat@aformation (main aquifer), topographically they
are often located at higher altitudes above theatfu level and are along recharge flow path
reacting with infiltrating water. This means thadter circulates through the hyaloclastites through
fractures and along dykes (trachyte and basaltdauharges into the calcarenite eolianite

formation.
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3. Data Collection and Analysis

Groundwater samples were collected from all magmiggical formations during various field
campaigns (Fig. 1). Twenty samples were taken ftalvarenite aquifers, 15 samples are from
hyaloclastite deposits, 8 samples are from submdrasalt deposits, 3 from weathered pyroclasts
deposits, and there is one sample in each of tlenviog, tuff, pillow lava, trachyte. The total
dataset comprises 52 samples of which 36 wereatetleand analyzed during previous campaigns
which are reported in Condesso de Melo g1{2008) and Silva et al(2008). The remaining
samples were collected during the spring of 20ha(8ilya, 2017). Because of the low infiltration
rate and therefore the long groundwater residanes, the results of the different sampling
campaigns are considered comparable. The sampigsgiisclude springs, shallow aquifer wells
and boreholes, some with a large diameter, spatigtributing over the whole island. A multiport
flow-through cell connected in-line to the samplpwnts was used to measure pH, temperature
(T, specific electrical conductance (SEC) andalissd oxygen (DO). Water samples were taken
from the discharge point during pumping, once $tadiion of the principal field parameters: pH,
temperature (T), specific electrical conductande@pand dissolved oxygen (DO) was observed.
Water samples were on-site filtrated through 0.Abrpembrane filters using a syringe. On-site
measurements also included the determination afialky (quoted as HC®) by acid titration

using standard colorimetric titration HACHit method. The method involved titrating 100 L o
the sample with sulphuric acid 1.6 N to pH~4.5 gsarbromocresol green indicator. The analysis
of major, minor and trace elements of the samplesalf field campaigns was performed by
ICP/MS at the Activation laboratories in Ontaricaf@da). Electroneutrality was used as a quality
control for major components, and ionic mass baanath errors between —10% and +10% were

considered to be acceptable, and 57% of the arsalysee within £ 5%. Speciation calculations and
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geochemical modeling were carried out using PHREBJRarkhurst and Appelo, 2013) and the

database PHREEQC.DAT.

4. Results
4.1. Major groundwater components

The groundwater on the island of Porto Santo is wxih an Q concentration in the range 0.06 to
0.27 mM (1.86-8.7 mg/L) and has a temperatureerrdmge 17-22C. The pH of the groundwater
spans from 6.6 to 9.2 with the large majority & #amples in the range 7.5-8.5. Figure 2 displays
the major ion water chemistry, while indicating Sampled aquifer type (Fig. 2c) as well as the
seawater ion/Cl molar ratios, using the seawatemposition of Turekian (1968). The majority of
the samples contains between 2 and 10 mol % of 3®8&water, as judged from their chloride
content (Fig. 2). The distribution of the Cl contration over the island (Supplementary Material
Figure Al.1) is more or less random with some efhilghest values in the centre of the island. The
Br/Cl molar ratio (Supplementary Material Figure.2)lis very close to that of seawater. Almost all
waters (Fig. 2a) exceed the WHO guidelines forZBD(mg/L~ 7 mM) as well as for Na (200
mg/L~ 8.7 mM). The Na concentration is up to 30 mM higihan predicted from the seawater
Na/Cl ratio. Also notable is the strong enrichmenitup to 20 mM, in alkalinity as compared to
seawater (Fig. 2b). There is no major differencBanor alkalinity concentration between carbonate
and volcanic aquifers even though the highest cosit®ere measured in volcanic aquifers. Neither
is there a significant difference in concentrati@tween the various volcanic rock types. For Ca,
the groundwater in carbonate aquifers is with feaeptions conform the Ca/Cl ratio in seawater
(Fig. 2c¢). In volcanic aquifers the Ca contentaidower Cl concentrations, well below the Ca/Cl

seawater ratio while for higher Cl concentratidms €a/Cl ratio is much higher. Again these
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differences are not related to the type of volcaguaifer rock. Finally for Mg (Fig. 2d), almost all
samples, except for those with the highest Cldapeted with Mg as compared to the Mg/Cl
seawater ratio. The WHO guideline for Mg of 50 m@#2.1 mM) is exceeded in several samples,

which also have a high CI concentration.

Both for Sr (Fig. 3a) and K (Fig.3b) the groundwdtem carbonate aquifers tends to
be enriched as compared to the ion/seawater réiiie e reverse is the case for the volcanic
aquifers. However, at a high Cl concentration, whaso high Ca was found (Fig. 2c), several
samples show a very high Sr concentration (Fig. Ba@ sulfate concentration (Fig. 3c) is generally
higher than the seawater line with nearly halfh&f samples exceeding the WHO guideline of 250
mg/L (= 2.6 mM) while there is no significant differencetlveen carbonate and volcanic aquifers.
Finally, nitrate (Fig. 3d) is generally below theH@ guideline of 50 mg/L~ 0.8 mM) but in a few

cases more than 1 mM N@ found reflecting the sparse agricultural atjivi

4.2. Contaminant trace components F, B, Asand V

Most of the groundwater contains a fluoride in esscef the WHO limit of 1.5 mg/L~(0.08 mM)

with the concentration becoming as high as 0.3 rRlg. @a) and fluorosis (dental mottling) is
commonly found on the island (Mendes, 2006). Naoificant difference is found between the
fluoride concentration in carbonate or volcaniciteya. Boron is the only substance discussed here
where the European Community (1998) guideline (1Lmg0.1 mM) deviates from the WHO
guideline (0.5 mg/l= 0.05 mM) guideline. The groundwater reaches aroomcentration of up to
0.55 mM (Fig. 4b) exceeding both guidelines in heall samples. In addition, the boron
concentrations are much higher than predicted égéawater B/Cl ratio and generally B tends to

be higher in carbonate aquifers than in volcanigfags although there is an overlap. Finally, there

11
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are a number of occurrences where the WHO guid&inarsenic (10 pg/k 0.13 uM) is exceeded
(Fig. 4c). The vanadium concentration (Fig.4dhisnost cases < 1 uM but in several volcanic
aquifers values of up to 6 uM are found. ThereoiS\ftHO, nor EU, guideline for vanadium in
drinking water but in Italy the Superior Councillééalth (SCH, 2001) has given a guideline value
for vanadium in drinking water of 50 ugA.-1 uM. As displayed in Fig. 4d, this guideline is
exceeded in a number of wells. The complete datds#temical groundwater analyses has been

appended as the fild?orto Santo_groundwater chemistry.xIsx

4.3. Mineral equilibria

Figure 5a shows the calculated activities of'Gad CQ* in the groundwater and the solubility
lines for the two CaC@minerals, calcite and aragonite. As shown in b&.aragonite has a higher
solubility than calcite. The groundwater data plsund the solubility lines for the two minerals,
suggesting overall an equilibrium control of dissal carbonate and Ca by Cag&guilibria. There

is a weak tendency of carbonate aquifers being mapersaturated than the volcanic aquifers. Part
of the observed supersaturation can be an artetantsampling large diameter wells, tunnels and
galleries, where Cf£degassing and mixing can occur, causing the pghctease and as a result the
water may become more supersaturated with resp&a€Q than it was in situ in the aquifer.
Aragonite is particularly abundant in recent caddersediment and can contain much more Sr than
calcite (Appelo and Postma, 2005). The high growatdwSr concentration (Fig. 3a) may therefore

indicate recrystallization of aragonite into thermetable calcite.

Figure 5b shows the saturation state of the groatelwvith respect to fluorite (CaFAll
groundwater samples are subsaturated towardstiuenmd there is no significant difference

between carbonate and volcanic aquifers. Theteisever, an overall tendency that waters high in

12
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F, are low in C&" and vice versa. Again, one should bear in mindghmpling from large

diameter wells and galleries may cause mixing devgawith a different composition which will
influence the saturation state. For silica (Fig.tlbg¢ concentration reaches 1.5 mM with the highest
values found in the volcanic aquifers which indésathat weathering of volcanic glass plays a role.
All groundwaters are supersaturated with respegtitotz (Fig. 6) and all volcanic aquifer samples
are supersaturated with respect to chalcedonyutnsiasurated with respect to amorphous silica.
Similar Si concentrations were found by Gislasod Bagster (1987) in basalts on Iceland. Finally
for gypsum (not shown), the groundwater is alwayssaturated by more than an order of

magnitude.

5. Discussion

The groundwater chemistry of the island Porto Sdigplays a number of different influences.
First off all there is a distinct seawater compdnenich may originate either from seawater
captured in the rocks when submerged under seg-tevaresent day seawater input as sea-spray
and aerosols. The distribution of Cl over the idlé&upplementary Material Figure A1.1) shows no
clear pattern and has some of the highest valuéeinentre of the island where it probably is
released from connate water in hyaloclastites. Hewehe seawater component does never
exceeds 10 %. Secondly, there is not a big difftexen the water chemistry of carbonate and
volcanic aquifers and neither are there major difiees between the different volcanic aquifer
types. This is due to the complex hydrogeologyhwitoundwater flowing from the topographic
higher volcanic areas in the NE and SW of the &i@g. 1) into the lower carbonate basin located
in the centre (Shandilya, 2017). In addition, thebonate sediments contain up to 10 % grains of

volcanic origin (Silva, 2002). Particularly the h& Si concentration in volcanic rock aquifers
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indicates that weathering of volcanic rocks is afsportant. Key features to be explained are the
very high alkalinity and Naconcentrations which are in large excess of thevater Na/Cl ratio,

and the presence of a suite of trace contaminget$| As, B, V. In the following, we will first
discuss the overall processes on the major compaevaar chemistry and thereafter try to place the

occurrence of the contaminants into the picture.

5.1. Aquifer Freshening

The occurrence of NaHG@roundwater is often attributed to freshening ¢omaks in aquifers
(Stuyfzand, 1993; Walraevens and Cardenal, 1994k 1994; Condesso de Melo, 2002; Appelo
and Postma, 2005; Postma et al. 2009). Here werxilaquifer freshening could be a possible

explanation for the occurrence of NaHECgoundwater on Porto Santo.

In the classical aquifer freshening scenario, gsédent seawater in the aquifer is
displaced by incoming freshwater. In contact weghwsater, the sediment exchanger will be rich in
adsorbed Nawhile the incoming freshwater normally is domirhby C&* and HCQ;, due to
equilibrium with CaC@. The C4" in the incoming solution will exchange with adsedtNd,

causing the G concentration to decrease:

%Cd&* + Na-X — ¥%Ca-% + Na' (1)
The decrease in the Eaoncentration will cause sedimentary Ca@@dissolve:
CaCQ + H,CO; — C&* + 2HCQ (2)

Which will initiate further displacement of Na-X I6§&*. The result of the two coupled reactions
will be water enriched in both Nand HCQ'. In the case of Porto Santo a freshening scenario

could be envisioned with the island originally suwdyged below sealevel, while upon emergence

14
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above sealevel, freshwater infiltration slowly diging the seawater from the aquifer. Since Porto
Santo groundwaters presently only contains up tm@D% seawater, it would in this scenario
represent the distal part of the freshening fréstshown in Fig. 2, both Naand HCQ
concentrations are strongly elevated as compartdtteeawater Na/Cl and HGQI ratios and

therefore at least qualitatively consistent witineshening scenario.

To explore the freshening scenario more quantiéhtiwe have build a PHREEQC
model. In short, the model consist of a sedimehiroa filled with seawater equilibrated with
aragonite and a cation sediment exchanger. Thrtugltolumn freshwater is transported,
consisting of water equilibrated with aragonite &0, = 10° which is close to that of the
groundwater samples. The PHREEQC input file anduteesults are given in Supplementary
Materials A3. During the model run, Nis displaced from the exchanger by*Tand alkalinity
increases due to carbonate dissolution causinah€l and Alk/Cl ratios to increase. These
increases, as predicted by the PHREEQC model canrbpared with the groundwater
observations (Fig. 7). The comparison shows thatrieasured groundwater Na/Cl and HD
ratios are much higher than what is predicted ByRHREEQC freshening model and any attempt
to diminish the disagreement by adjusting modehipesters within reasonable limits did fail. Also
the pH and Po; predicted by the model are at variance with grewatdr observations since the
PHREEQC model (Fig. 7) predicts increasing pH aectebsing £, towards low Cl
concentration, which is not seen in the groundwddta. The inevitable conclusion is therefore that
aquifer freshening is not a satisfactorily quatitteexplanation for the Porto Santo groundwater

chemistry.

5.2. Volcanic glass alteration
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Leaching of the volcanic glass surface with excleamigH for Na' has been suggested as a
mechanism leading to the development of sodiunrbaaate rich groundwater (Truesdell, 1966;
White, 1979; White et al., 1980), and here we exantlnis process as a possible cause for the
observed enrichment of the Porto Santo groundvimtéta’ and HCQ'. An alternative explanation
could be the bulk weathering of volcanic glass laashlt with incongruent dissolution of the parent
rock and the precipitation of secondary phasesdikectites, zeolites and carbonates. The
precipitation of secondary phases like smectiteglites or carbonates may preferentially remove
bivalent ions like Ca and Mg as compared to Na (@/&t al, 1980; Crovisier et al., 1992; Flaathen
et al., 2009). In the compilation of volcanic glassnpositions of Wolf-Boenish et al. (2004) the
molar Ca/Na ratio ranges from 0.3 to 9.6 with mibign 2/3 of the samples having a Ca/Na > 1. For
Mg the data of Wolf-Boenish et al. (2004) shows@anMg/Na ratio between ranges from 0.01
and 6.3 with more than 2/3 of the samples haviMgéNa > 0.7. For comparison, Flaathen et al.
(2009) reported spring water in basalts on Icelaitd molar ratios for Ca/Na of 1-2 and Mg/Na
0.1-0.5 as the result of weathering. The Porto&@graundwater, however, features up to 20 mM
Na, but almost no Ca in excess of the seawateribation, except for a few samples, and in most
samples there is a deficit in Mg as compared tes#aavater contribution (Fig. 2d). Therefore, if
this water predominantly were the result of incarmt bulk dissolution of volcanic glass, then it
would require an extremely more effective selecter@oval of Ca and Mg than observed by
Flaathen et al. (2009). Our preferred interpretaisoconsequently that the high™Naend HCQ
concentrations primarily are the result of Mla” surface exchange on the volcanic glass surface as
explained in more detail below and which is supgebtty surface analysis of volcanic glass

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

There is experimental evidence for a fast exchaegetion between solutes and the

glass surface that may influence the water cheyniStuesdell (1966) constructed electrodes from
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366 a number of natural and synthetic grounded glaasésised these to determine the ion exchange
367 properties of the glasses. The results revealedrmaayiations between the different glasses but all
368 obeyed the following selectivity sequence’2H2K" > 2Nd > C&£* > Mg**. White 1983 showed

369 experimentally that depletion of surface’Nimm volcanic glass and Naelease to the aqueous

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

371 written as:

372 Na-X +H — H-X + Na' (3)

373  Combining this reaction with the dissolution of £&hd the dissociation of carbonic acid results in:
374 Na-X+CQ+ H,0— H-X + Na + HCGO; (4)

375  Accordingly, this reaction scheme results in threnation of NaHCQ water. A consequence of this
376  reaction scheme is that the exchange process te&ee place in the presence of continuous CO
377  replenishment, like in the soil or in the unsatedatone with respiration or organic matter

378 degradation. If there is no G@plenishment then reaction (3) will increasefhie decreasing the

379  H" concentration, and therefore the reaction wilpsto

380 We have investigated surface exchange on volcdass @s a possible explanation for
381 the composition of Porto Santo groundwater by modgthe ion exchange reaction between a

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

383 exchanger is equilibrated with water containindesgnt amounts of sea-salt at a constajat Bf

384 102 corresponding to the mediaad? of the groundwater (Fig. 8). The PHREEQC inpu& f#

385 listed in Supplementary Materials A4. We here serotation as given in the PHREEQC database
386  where ion exchange reactions are described asdaaifions with a strength relative to NAppelo

387 and Postma, 2005):
388 Na' + X « Na-X with log Kya.x = [Na-X]/[Na'][X]=0 (5)

17



389 is defined as the reference and
390 H"+ X « H-X with log Kyq.x =[H-X]/[H T][X] (6)
391 as the competing reaction.

392 The procedure is to fit the model to the field dataprimarily the groundwater Naoncentration

393 and the alkalinity by adjusting the associationstant K,.x. The R0 is kept at a constant value of
394 10%%in correspondence with the field data (Fig. 8)wdwer, this procedure also needs a value for
395 the total number of exchange sites, ¢h the glass surface. The number of exchanggisiteot

396  well defined and the choice of value will affecé tk.x needed to model the field data as well as
397 the amount of surface Na-X sites that is beingaegd by mainly H-X. We have modelled the data
398 for three feasible values for the Surface concentration, 1 mol/L, 0.1 mol/L and On@&/L

399  expressed relative to contacting groundwater. Borparison a montmorrilonite with 2000 meqg/kg
400 (Appelo and Postma, 2005) recalculates to 6.3 mmifitacting porewater using a porosity of 0.3
401  and bulk density of 1.86 g/cinLikewise, a kaolinite of 30 meq/kg correspond®.® mol/L

402  contacting groundwater.

403 Figure 8 shows the field data together with the ehdits while Table 1 presents the
404 fitted association constants. The field data cambdelled equally well for all three surface site
405 concentrations (Fig. 8) using the different contstadisted in Table 1. The model both can explain
406 the very high measured Na and alkalinity conceioinatand is also consistent with the measured
407  pH. The release of Ndrom volcanic glass and the associated build-uglkdlinity is in the model
408 controlled by the displacement of Na-X by mainlyXdThe main differences between model and
409 field data are caused by samples that deviatedafRom the value used in the model. Thus, a
410 number of samples at low ClI concentration haveracpdarly high Ro, causing the pH and

411  alkalinity to become lower.
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For a high exchange site concentration only a sfradtion of the surface Na-X needs
to be replaced to produce the aqueousayal alkalinity concentration, while for a lowerceange
site concentration a greater fraction of Na-X mhesteplaced to obtain the same’ Mad alkalinity
concentration. Therefore, theylk is larger for a low concentration of ¥an for a higher XIn all
cases the H-X association constant is very higlthvis required in order to displace Na-X on the
surface because the Honcentration always is very low as compared ¢oNH concentration. To
assess what a reasonable exchange site concantatitnl be, the amount of Na-X displaced from
the glass surface as calculated by the model (TBbkan be compared with field measurements.
Magonthier et al. (1992) showed that upper Ple&texbsidian from Iceland had about half of the
surface sites of Naeplaced by H Mungall and Martin (1994) showed that altered jmenfrom
the Azores had lost 33-43 % of its Na. If thesdam@ concentrations also apply to Porto Santo,
then they indicate that the surface exchange siteentration of Porto Santo volcanic glass is near

the low end and the logd near the high end of the range given in Table 1.

The surface sites also function as an ion exchamagerg up ions from the solution as
demonstrated by Truesdell (1966). Seawater is inigfig>* and the depletion of the groundwater as
compared to the seawater Mg/Cl ratio suggestsytaka of Mg by the glass surface from seawater

as given by the reaction:
Mg*? + 2X — Mg-Xo with  Kygxe = [Mg-Xal/[Mg?][X 12 (7

While on a exchanger like clay mineral, multivalemts are always much stronger adsorbed than
monovalent ions (Appelo and Postma , 2005), thmtshe case for the volcanic glass surface
where divalent ions actually are adsorbed mordgligTruesdell, 1966). To fit our field data (Fig.
8) we therefore have to lower the association @migor Mg-X (Table 1) by several orders of

magnitude as compared to standard values for Alpgeglo and Postma, 2005). In addition, we
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have included G4 in the exchange model and following Truesdell @36e have included CasX

in the model using the same log K value as for M{bable 1).
Ca'? + 2X — Ca-X% with Kcaxz = [Ca-X]/[Ca?][X ]? (8)

Finally, equilibrium with aragonite (CaGPDwas included in the model to inspect the inteoacbf
volcanic glass ion exchange with mass transfeh@fsedimentary carbonate. The modelled data for
Cd* compares well with the field data (Fig. 8) shownlittle depletion as compared to the
seawater Ca/Cl ratio. In the model runs, thereery little mass transfer for aragonite with only a
small amount of aragonite dissolving at a low Gl arsmall amount of aragonite precipitation at a

higher CI concentration.

Mungall and Martin (1994) found that the volcaniass surface apart from protons
also becomes enriched in Sr due to uptake fronsaheion (Cousens et al., 1993). Indeed many of
the volcanic groundwaters on Porto Santo, showpéetien in Sr relative to the seawater Sr/Cl ratio
(Fig. 3a) which is in agreement with the initialatieering of volcanic glass. The samples showing a
Ca/Cl ratio far above the seawater Ca/Cl ratio.(BEq) are the exception. Truesdell (1966) also
found that volcanic glass has a preference foower Nd, which is consistent with the depletion of
K * that is observed in many of the samples from votcaquifers (Fig. 3b). However, Brand K
are not quantitatively important components in ®&#anto groundwater and therefore they are not
included in the model. Overall, the model shows shaface exchange on the volcanic glass could
be a consistent explanation for the developmehtgsf NaHCQ waters. However, further work is
needed to verify whether the fitted exchange cartstand surface site concentrations constitute

realistic values.

5.3. Trace Contaminants

20



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

5.3.1. Fluoride

Enhanced fluoride in groundwater is a drinking wat®blem affecting more than 200 million
people globally, and is widespread particularlaiit regions of Asia, Africa and America
(Edmunds and Smedley, 2013). Fluoride is dissoingde groundwater as the freeién and
probably has a volcanic source. During volcaniggons fluoride is primarily emitted in volatile
form. However, it may become associated with segaaf basalts or volcanic ashes (White and
Hochella, 1992) or to tephra particles extractednfthe hydrothermal system during steam
explosions (Cronin et al., 2003). In either cakeride forms phases such as ga¥WgF,, or AlF;.

on the surface of volcanic glaasd these compounds may subsequently dissolveeaddd high F
concentrations in surface waters, which in sevaaaés has led to the death of sheep due to
fluorosis (Oskarsson, 1980; Cronin, et al., 20@8)ce in a surface environment fluoride can be
retained either in the form of fluorite, fluorapatibecome incorporated to carbonate minerals or be
adsorbed onto clay minerals (Du et al., 2011) asv¥des (Tang et al., 2010). Fluoride is
preferentially incorporated in aragonite (Ichikut®79; Tanaka and Ohde, 2010) as compared to
calcite (Kitano and Okumura, 1973). Within marimelonate sediments, fluoride remains well
preserved in mineral phases like aragonite, highcislgite and fluorapatite (Rude and Aller, 1991).
This is probably the reason why there is littldetiénce in the F concentration between carbonate
and volcanic aquifers (Fig. 4a). Under the preslagtsemi-arid groundwater conditions very little
flushing of fluoride out of the system will takeapk. The groundwater Sr concentrations above the
Sr/Cl seawater ratio (Fig. 3a) could indicate tiesalution of aragonite, which is able to contain a
high amount of fluoride. However, there is no ctatien (not shown) between the Sr and F
concentration, suggesting that aragonite is natgortant source for groundwater fluoride. As
shown in Fig. 5b, the distribution of the fluoridencentration is roughly inversely correlated ® th

Ca concentration but not strictly confined to thmfite (Cak) equilibrium line as has been found
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482 in other studies (Handa, 1975). Fluoride presetiténgroundwater today could originate from the
483  dissolution of fluorite, possibly mixed with watersntaining less fluoride. Such mixing could

484  occur in situ and be due to fracture flow, but raésp be the result from sampling groundwater
485  from large diameter wells, tunnels and gallerieswklver, fluorite has not been identified as a

486  mineral present in the deposits.

487

488 5.3.2. Boron

489  As shown in Fig. 4b, almost all groundwater samplgaificantly exceed the WHO guideline value
490 for boron of 0.5 mg/L< 0.05 mM). Boron is suspected to have a detrimezftatt on developing
491 foetuses and testes and as a result lead to reflertiéity. High B groundwaters are reported from
492  around the Mediterranean (Vengosh et al., 2005niBeret al., 2006; Voutsa et al., 2009),

493  Argentina (Smedley et al., 2002), Bangladesh aadX8A (Ravenscroft and McArthur, 2004).

494  Boron is primarily present in the groundwater asdacid (HsBOs3) and borate (B(OH)). Below

495  pH 9 most boron is present as boric acid but alpd¥/® borate become the predominant form.

496  Thus, B is present mainly as boric acid in the #8&nto groundwater although in the samples with
497  the highest pH, up to 50 % may be present as bdtaperimental studies indicate that boron may
498  adsorb to clay minerals and Fe oxides. Boron msxy laécome incorporated in carbonate minerals
499 (Balan et al., 2016). For clay minerals and sdiis,ionic strength (Goldberg et al., 1993) and the
500 pH (Keren and Mezuman, 1981; Palmer et al., 19&feweported to affect boron adsorption.

501 However, in our field data there is no apparerdtreh between B and the EC, used as expression
502  for the lonic Strength (Supplementary MaterialsuifggAl.3) nor does pH seem to affect the B

503 concentration (Supplementary Materials Figure AlMion competition of boron with nitrate,

504 sulfate molybdate and phosphate on clay and seihar important (Goldberg et al., 1996).
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However, Brockamp (1973) found that the presendsaafrbonate does diminish boron adsorption
on clay. Our data shows a relation between therBextration and Alk-react, which is alkalinity
corrected for the contribution derived from thevgai®r component and in fact B correlates even
better with Na-react (Fig. 9). Ravenscroft and MoAr (2004) found similar relations in
groundwater from Bangladesh and the USA. They arguat the enhanced B concentration
correlated with alkalinity, indicated B releasenfrohe sediment to be due to displacement of B on
surface sites by HC{as the result of aquifer freshening. This expl@amatould also apply to

H/Na exchange on the volcanic glass surface. Istiegly, Pennisi et al. (2006) arrived to the
opposite conclusion; they argue that high B in gawater reflects groundwater intrusion and

attribute the B mobilization to the ionic strengtifiect.

5.3.3. Arsenic

Almost 30 % of the groundwater samples from Poent& exceeds the WHO guideline for arsenic
of 10 pg/L € 0.13 uM) (Fig. 4c) and high As appears to occurenaften in the carbonate than in
volcanic aquifers. Arsenic in groundwater is prdajbobally the most serious groundwater
contamination problem (Ravenscroft et al., 2009¢8&8ey and Kinniburgh, 2013). Arsenic
contamination problems in groundwater of arid cliesahave been reported from in Argentina
(Nicolli et al., 1989; Bhattacharya et al., 2006 &lley et al., 2002, 2005), Chile and Mexico and
the SW USA (Smedley and Kinniburgh, 2013; Welch hivd, 1998). Since the groundwater in
these systems is oxic, dissolved arsenic will msent in the oxidized As(V) form. The
groundwater on Porto Santo has a pH in the rarig8.%.and the predominant species will
therefore be HAsg (Appelo & Postma, 2005). As(V) readily adsorbedHe surfaces of Fe-

oxides and clays (Martin et al., 2014) as well asarbonate (Sg et al., 2008).
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The arsenic is thought to originate mainly fromoawlic glass (Nicolli et al., 1989;
Bhattacharya et al., 2006; Scanlon et al., 2009abuajor part is after the release from volcanic
glass retained in the sediments as adsorbed AS(wdley et al. (2005) and Smedley and
Kinniburgh (2013) argued that desorption of As(dyards high pH (> 8.5) is an important
mobilization mechanism and Bhattacharya et al. 20bserved a relation between dissolved As
and the pH. On the other hand, Scanlon et al. (2f@@®d no relation between dissolved As and
pH. In the Porto Santo data is there is no reldtiemveen dissolved As and pH either
(Supplementary Materials Figure A1.5). Scanlon.e2909) argued that As mobilization could be
caused by a counterion effect where the adsorpfi@ations changes the surface charge thereby

mobilizing As.

5.3.4. Vanadium

Another solute which originates from groundwateleaaics interactions, is vanadium which in
Porto Santo groundwater reaches a concentratiap td 6 M. Enhanced vanadium
concentrations, commonly found in conjunction witloride and arsenic, have also been observed
on the Canary island of El Hierro (Luengo-Otozlet2014), near Mt Etna (Aiuppa et al., 2000;
Arena et al., 2014) and Argentina (Fiorentino et2007; Nicolli et al., 2012). In these oxic
groundwaters vanadium will typically be presentraxbile V(V) oxyanions but it has the ability to

adsorb to the surfaces of particularly Fe-oxidesigii and Belitz, 2010).

6. General assessment

The groundwater chemistry on the island of Portot&displays a striking similarity to what has

been reported for loess deposits containing abunadeanic glass fragments from Argentina
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(Nicolli et al., 2012) and tuffaceous aquifershie southwestern USA (White, 1979; White et al.,
1980). These groundwaters are also present unideclimnatic settings with little aquifer flushing.
They all feature high concentrations of Na and lalkg which are consistent with process that
Na'/H" exchange on the volcanic glass surface (Truest®86; White et al., 1983; Magonthier et
al., 1992; Mungall and Martin, 1994) and hard tpla by any other mechanism. The Porto Santo
groundwater contain a suite of minor components lkV, As and B which previously also have
been reported from the groundwaters in Argentimag@ey et al., 2002; Nicolli et al., 2012). The
presence of these trace components also indicatgggroundwater residence times and little
flushing of the aquifer. From a hydrogeochemicahpof view, clastic deposits containing
volcanic glass particles, in pyroclastic layerembedded in loess, are much more likely as a
source of volcanic glass derived ions into grourtdwthan basalts, because they feature a high
surface area of the small glass particles as wathairix flow while basalts predominantly have

fracture flow.

7. Conclusions

1) The high NaHC®@groundwaters of the volcanic island Porto Sant¢ocansistent with a
mechanism of N@H" exchange occurring on the volcanic glass surfBleis. process
constitutes only the initial phase of volcanic glafteration because it is controlled by
solid state diffusion of protons into the glass &f& ions out of the glass. The rate of
the exchange process will therefore decrease wemygy as the exchange process
moves below the glass surface.

2) An unlimited CQ source is needed to buffer the pH at near newitaks while building

up a very high alkalinity. Unlimited CQs typical present in the soil and unsaturated
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groundwater zone where G@ produced by respiration and organic matter atxah
and gaseous CQransport is fast.

3) Arid climatic conditions with very low infiltratiopplay an important role as well. First,
they provide long groundwater residence times englample time for even slow
volcanic glass weathering. Second, under arid ¢mmdi only few pore volumes of
groundwater will flush through the deposits retagpiapart from Naand alkalinity,
mobile components like fluoride, boron and vanadinrthe aquifer. It follows that
changing climatic conditions will strongly influemt¢he groundwater composition with
increasing concentrations when conditions become mad and decreasing

concentrations as infiltration increases.
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FIGURE CAPTIONS

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

Groundwater sampling sites are indicated with dots.

Fig. 2. Bulk water chemistry as related to aquitak. The sea-line reflects the ion/Cl ratio in
seawater. Also indicated are the recommended mamicancentrations in drinking water by the

WHO.

Fig. 3. Water chemistry in carbonate (blue) anidamic (red) aquifer rock. A detailed symbol
lithology legend is given in Fig. 2c. The sea-lneflects the ion/Cl ratio in seawater. Also indezht

are the recommended maximum concentrations in icignkater

by the WHO.

Fig. 4. Trace components in groundwater from caal® (blue) and volcanic (red) aquifers. A
detailed symbol lithology legend is given in Fig. Zhe sea-line reflects the ion/Cl ratio in
seawater. Also indicated are the recommended mamiooncentrations in drinking water by the

WHO.

Fig. 5. The saturation state of the groundwateswen) CaCg) calcite and aragonite, and b) GaF

fluorite. lon activities calculated with PHREEQGaompared with solubility products given by
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the lines. Blue indicate carbonate aquifer andvidanic aquifer with a detailed symbol lithology

legend presented in Fig. 2c.

Fig. 6. The saturation state of the groundwateswedifferent forms of Si©OBlue indicate
carbonate aquifer and red volcanic aquifer witletaited symbol lithology legend presented in Fig.

2C.

Fig. 7. Groundwater chemistry compared with a meddreshening scenario as explained in the
main text. Blue dotted lines reflect the PHREEQGQIsi@redictions. Solid black lines indicate the

ion/Cl ratio in seawater.

Fig. 8. Groundwater chemistry as compared to th€Nablcanic glass exchange PHREEQC
model for three different surface site concentregiwith different fitted exchange constants as

given in Table 1. Black solid lines indicate the/@l ratio in seawater.

Fig. 9. Boron in groundwater versus the concemmnatiof Na and alkalinity corrected for their
seawater contribution. The seawater contributiaralsulated from the ion/Cl ratio in seawater
multiplied with the Cl concentration in the grourater. Blue indicate carbonate aquifer and red

volcanic aquifer with a detailed symbol lithologaggend presented in Fig. 2c.
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978 Table 1. Parameters used in the PHREEQC modebfoanic glass exchanger, to fit the

979  groundwater composition in Fig. 8.

exchange site conc.” X log Ky.x log Kug-x2 surface Na-X displaced
mol/L 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
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aquifer and red volcanic aquifer with a detailed symbol lithology legend presented in Fig. 2c.
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Fig. 6. The saturation state of the groundwater versus different forms of SiO,. Blue indicate carbonate aquifer and
red volcanic aquifer with a detailed symbol lithology legend presented in Fig. 2c.
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Fig. 7. Groundwater chemistry compared with a modelled freshening scenario as explained in the main text. Blue dotted
lines reflect the PHREEQC model predictions. Solid black lines indicate the ion/Cl ratio in seawater.
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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. Porto Santo data_dieke_v4R xisx



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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