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Revision Checklist



Something similar occurs with strontium, whose usual concentration in seawater is of the order of 8 mg / 
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Abstract 25 

Ischia is a volcanic island located NW of the Gulf of Naples (South Italy). The island of 26 

Ischia is a structurally complex hydrothermal active system that hostsforms a fractured aquifer 27 

system whose geometry and hydraulic properties are still partly unknown. The aquifer system of 28 

Ischia, composed mainly of Quaternary volcanic deposits and marine sediments, exhibits 29 

physically and chemically heterogeneous waters. The intense seismicity and hydrothermal activity 30 

are expressed by numerous fumaroles and thermal springs, which have been exploited since ancient 31 

times, promoting and supporting the world-renowned tourist activities that constitute the main 32 

economic activity of the island. The aim of this study is to determine the hydrogeochemical 33 

processes in the Ischia aquifer system. Also, we calculated the proportion of seawater in the aquifer 34 

system of Ischia using historical hydrogeochemical data relative to two sampling campaigns. Sixty-35 

nine groundwater and thermal spring samples collected in July 2000 were analyzed and compared 36 

with previously published data to identify the changes in seawater contribution. . The sample 37 

analysis shows that different physicochemical processes occur in the groundwater of Ischia Island, 38 

where recharge water, seawater and deep fluids interact and overlap with different intensity. The 39 

calculated saline factor indicates a seawater content of up to 70% in some samples near the coast, 40 

suggesting that seawater intrusion is the main process in these areas. Later data show that seawater 41 

intrusion increases around the coastline with up to 93% seawater content. Finally, data analysis 42 

shows that although a change in chemical composition is observed, no variation in thermal water 43 

temperature is recorded over time. 44 

 45 

Keywords: seawater intrusion; water-rock interaction; thermal waters; Ischia Island 46 
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1. Introduction 47 

Seawater intrusion (i.e., the landward incursion of seawater) is a widely recognized process 48 

in coastal aquifers and islands (Custodio, 2010) and is usually caused by several factors, such as 49 

prolonged changes in coastal groundwater levels, climate variations or sea-level fluctuations, 50 

among others (Werner et al., 2013). In many coastal hydrogeological settings, seawater intrusion 51 

occurs normally due to overexploitation of freshwater resources. As a result, the lowering of the 52 

water table level allows the sea water intrusion that progressively causes the salinization of the 53 

aquifer, which may become inappropriate for drinking and agricultural use. Groundwater 54 

salinization induced by seawater intrusion is generally regarded to be practically irreversible and 55 

leads to the complete degradation of freshwater reservoirs. During the last decades, considerable 56 

research efforts have been performed, in economically developed regions, to improve the 57 

knowledge about seawater intrusion occurrence and timing (Russak and Sivan, 2010; Ferguson and 58 

Gleeson, 2012; Werner et al., 2013; Lu and Werner, 2013). 59 

Coastal aquifers provide a water source for more than one billion people in the world living 60 

in coastal regions (Small & Nicholls, 2003). The population growth in most of the coastal areas 61 

and the increase of water demand make seawater intrusion a global threat.   62 

Ischia Island is an active volcano located in southern Italy, hosting a geothermal system. 63 

The groundwater system of Ischia consists of several permeable aquifers, interbedded with low-64 

permeability levels (Celico et al., 1999). In natural conditions, the Ischia’s aquifers are recharged 65 

by rainfall with a variable contribution of deep hydrothermal fluids (Di Napoli et al., 2009; Piscopo 66 

et al., 2020). Due to this interplay, many thermal springs are present on the island. 67 

The thermal waters were known and used from the Roman age, but during the last thirty 68 

years the growing spas-related touristic activity, representing the main economic income of the 69 

island, encouraged the drilling of pumping wells to obtain a constant thermal water flow rate. 70 
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Nowadays, more than 200 spas are operating at Ischia Island, most of them located near the coast. 71 

As a consequence of the intensive groundwater pumping, it is known that seawater intrusion is 72 

present in the volcanic rock aquifer of the island (Corniello et al., 1994). The hydrogeological 73 

setting of Ischia Island is complex due to geological and structural factors, as well as human 74 

activities that have deeply changed the groundwater flow circulation. Ischia Island is characterized 75 

by the main groundwater body lying above sea level and in natural conditions groundwater flows 76 

towards the sea (Celico et al., 1999; Ducci and Sellerino, 2012). 77 

Numerous studies have been focused on the hydrothermal system of the island, focusing on 78 

thermal fluids composition and origin, providing important information for geothermal energy 79 

exploration and volcanic risk assessment. These studies allowed refining knowledge on 80 

hydrothermal fluid circulation (De Gennaro et al., 1984; Panichi et al., 1992; Caliro et al., 1999; 81 

Celico et al., 1999a; Inguaggiato et al., 2000; Lima et al., 2003; Chiodini et al., 2004; Daniele, 82 

2004; Milano et al., 2004; Aiuppa et al., 2006; Morell et al., 2008; Di Napoli et al., 2009; 2011; 83 

2013; Carlino et al., 2012; 2015).  84 

On the other hand, the groundwater system, presenting a wide range of chemical 85 

compositions (from calcium-bicarbonate to alkali-chloride waters), has been previously explained 86 

by a mixing process among meteoric water, seawater and deep geothermal fluids (De Gennaro et 87 

al. 1984; Panichi et al. 1992; Aiuppa et al. 2006; Di Napoli et al. 2009). Despite these fundamental 88 

advances, the hydrogeochemical processes governing the groundwater composition and the 89 

magnitude and extension of the saline intrusion process in the island are still unknown. (Corniello 90 

et al., 1994; Di Napoli et al., 2009; Piscopo et al., 2020). 91 

The main goals of this paper are: a) to assess the hydrogeochemical processes, as water-92 

rock interaction and deep fluids input in  the Ischia groundwater; and b) to estimate the extension 93 

and magnitude of saltwater contribution in the Ischia aquifer system. 94 
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The results of this study provide critical information for programming upcoming 95 

sustainable management strategies for Ischia water resources and represent essential knowledge 96 

for future groundwater studies and environmental decisions. Furthermore, considering the growing 97 

interest in geothermal energy exploitation in the island, improving the aquifer comprehension and 98 

its physicochemical processes, acquires particular relevance in this social and hydrogeological 99 

context. 100 

 101 

2. The study area  102 

Ischia Island is the westernmost active volcanic complex of the Campania region and 103 

belongs to the Phlegrean volcanic district of Southern Italy (Fig. 1) (Carlino et al., 2012; Troise et 104 

al., 2019). The local geology is composed of landslide deposits, marine sediments and volcanic 105 

rocks, represented by alkali-trachytes, trachybasalt, latites and phonolites, reflecting a complicated 106 

sequence of alternating constructive and destructive volcano-tectonic, erosion and sedimentation 107 

phases (Vezzoli, 1988; Orsi et al., 1991; Tibaldi and Vezzoli, 1997). Although the island (~45 108 

kKm2) is dominated by the structural block of Mount Epomeo (786 m a.s.l.), several volcanic 109 

structures are still present, such as the rim of a caldera (~55 ka BP), partially recognizable (Carlino 110 

et al., 2014). Ischia is an active volcano, indicated by the occurring of historical eruptions (Vezzoli, 111 

1988), intense and diffuse hydrothermal features (Chiodini et al., 2004), and seismic activity 112 

(Luongo et al., 1987; De Natale et al., 2019, Nappi et al., 2021). Ischia volcanic historical activity 113 

dates approximately 150 ka BP and it is characterized by lava domes and hydromagmatic eruptions. 114 

The largest-scale volcanic event is the alkali-trachytic ignimbrite eruption of Mt. Epomeo Green 115 

Tuff (MEGT), which caused the caldera collapse (~55 ka BP) that partially destroyed the previous 116 

eruptive history of the island and marks the transition between volcanic cycle phases (Vezzoli, 117 

1988; Orsi et al., 1991; Tibaldi and Vezzoli, 1998). The volcanic cycle of the island consists in two 118 
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phases, the first one mainly characterized by pyroclastic activity and the second one by a lava dome 119 

emplacement (Carlino et al., 2006). During the second cycle, as a result of the caldera collapse, 120 

several phreatomagmatic eruptions and strong pyroclastic activity filled the caldera with ignimbrite 121 

deposits that in turns favored the sea intrusion in the central part of the present island (Vezzoli, 122 

1988). Carlino et al. (2006) proposed that a laccolith (10 km large and up to 1 km deep) in the 123 

center of the island triggered the caldera resurgence (~33 ka BP) after the Mount Epomeo Green 124 

Tuff (MEGT) eruption. The tectonic deformation cutting the oldest volcanic rock, part of the 125 

seismic activity and the widespread landslides have been associated with the Mt. Epomeo block 126 

uplift (Tibaldi and Vezzoli, 1997; Tibaldi and Vezzoli, 1998; Tibaldi and Vezzoli, 2004; Chiocci 127 

and de Alteriis, 2006; Capuano et al., 2015), resulting in the horst of Mt. Epomeo, in the central 128 

part of the island, while the east side is dominated by a graben structure. The uplift of Mt. Epomeo 129 

has also been explained by different mechanical and geophysical models, most of them involving 130 

a shallow magma body as the source of deformation, together with local tectonics, high geothermal 131 

gradients and volcanism (Vezzoli, 1988; Fusi et al., 1990; Orsi et al., 1991; Acocella et al., 1997; 132 

Cubellis and Luongo, 1998; Acocella and Funiciello, 1999; Molin et al., 2003; Tibaldi and Vezzoli, 133 

2004; Carlino et al., 2006; Carlino, 2012). De Martino et al. (2011) and Del Gaudio et al. (2011) 134 

reported present-day subsidence, especially in the areas with active landsliding and faulting 135 

(Manzo et al., 2006). 136 

The geothermal system of Ischia has been the subject of several investigations. De Gennaro 137 

et al. (1984) proposed a geothermal model where the deep source of fluids is represented by a large 138 

magmatic body located at a depth greater than 3000 m and with a temperature over 200 °C. 139 

Carapezza et al. (1988) suggested the existence of two intermediate magmatic systems, and Panichi 140 

et al. (1992) estimated the temperature of the magmatic reservoir in the range of 160–240 °C. 141 

Inguaggiato et al. (2000) concluded the existence of a magmatic reservoir   liquid dominated at 280 142 
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°C, supported by carbon isotope data. However, the authors do not discard the possibility of the 143 

existence of a second magma body (more than 4 km deep), as suggested by Tedesco (1996). 144 

Recently, Di Napoli et al. (2009; 2011), based on studies from integrated geophysical (electrical 145 

resistivity) and geochemical properties (CO2, TDS in thermal springs) infer that the circulation of 146 

the hydrothermal fluids, in the south-west of the island, takes place within two overlapped and 147 

different geothermal reservoirs. These reservoirs are localized at a depth of ~200 and ~1000 m with 148 

temperatures of ~150 ºC and ~270 ºC, respectively, and are connected through fractures generated 149 

by the resurgence. Carlino et al. (2014) made a critical review of the geothermal system of Ischia 150 

Island and concluded that the geothermal system is vapor dominated and related to the intrusion of 151 

a shallow magma body, occurred after the MEGT eruption (55 ka BP), whose top is migrated up 152 

to about 2 km depth. Carlino et al. (2014) proposed that the two shallow geothermal reservoirs may 153 

be geologically separated. The first one is supposed to be located in the western sector at depths 154 

between 150 m to at least 600 m, with a temperature ranging between 150 °C and 200 °C, and 155 

pressure of about 4 MPa (40 bar). The second, deeper reservoir is hypothesized to be at depth >900 156 

m, with a temperature between 270 to 300 °C and pressure of 9 MPa (90 bar). All the authors agree 157 

that the geothermal system of Ischia is fed by meteoric water, seawater and hydrothermal fluids.  158 

The hydrogeological setting of Ischia Island is highly complex due to both geological and 159 

structural features, and human activities that have deeply changed the territory and influenced the 160 

groundwater flow circulation. The groundwater system of Ischia consists of several permeable 161 

horizons (fracturation and/or porosity), interbedded with low-permeability levels (Celico et al., 162 

1999). This composite system reflects the contrasting lithologies and geometries of the volcanic 163 

deposits, the pervasive hydrothermal circulation with the consequent self-sealing processes, and 164 

the complex volcano-tectonic and gravitational events that occurred over time (Celico et al. 1999; 165 

Di Napoli et al., 2009). Ischia Island is characterized by the main groundwater body lying above 166 
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sea level and in natural conditions groundwater flows towards the sea (Celico et al., 1999; Ducci 167 

and Sellerino, 2012). 168 

According to Celico et al. (1999) and Carlino et al. (2014), two different hydraulic areas 169 

can be identified (Fig. 2): the first one is the graben in the northeast of the island, which is highly 170 

transmissive and can be pictured as a single aquifer fed by meteoric waters and seawater ingression; 171 

the other area is Mount Epomeo and its border zone, which is intensively fractured and consists of 172 

very heterogeneous materials forming complex geometries that mainly affects the vertical 173 

component of groundwater flow. The hydrogeology reflects the complex tectonics and lithology 174 

settings and suggests the presence of a multilayer aquifer (Celico et al., 1999). 175 

Variations in the chemical composition and temperature of the groundwater are related to 176 

the complex hydrogeological setting. Groundwater circulating in the shallow aquifer has 177 

temperatures up to boiling, and ranges in composition from diluted bicarbonate waters to more 178 

saline and chlorine-rich waters, interpreted as evidence of dual (meteoric and seawater) recharge 179 

to the aquifer (Panichi et al., 1992; Inguaggiato et al., 2000; Aiuppa et al., 2006; Di Napoli et al., 180 

2009; Di Napoli et al., 2013). There are also several fresh springs in the higher and inner part of 181 

the island and their discharge is usually 1-3 l/s (Celico et al., 1999; Carlino et al., 2014).  182 

 183 

3. Materials and Methods 184 

A total of 69 samples, retrieved from 56 boreholes less than 100 m deep, 11 thermal springs 185 

and 2 cold springs, were collected during the period 1999 – 2000 (Fig. 2). It is important to remark 186 

that some of the data used in this paper have been already published in previous works (Lima et 187 

al., 2003; Daniele, 2004). The wells were pumped for at least 30 min before the samples were taken 188 

and electrical conductivity, pH, and water temperature were measured in situ. The samples were 189 

filtered using 0.45 µm Millipore® membranes in double-capped, polyethene bottles of 100 ml 190 
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volume and stored at 4°C. Samples for cations and trace elements analysis were also acidified to 191 

1% with pure nitric acid. The analytical procedure is detailed in previously published works (Lima 192 

et al., 2003; Daniele, 2004). The samples labelled as SW and FW represent the end-members for 193 

seawater and freshwater, respectively and are used to calculate the saline factor in each 194 

groundwater sample. The SW sample proceeds from Morell et al., 2008, FW is a low-chlorine 195 

water sample, selected among the 2001 cold temperature samples and presenting the lowest EC.  196 

Table 1 summarizes the ionic composition of the sampled waters. The following variables 197 

were considered in this work: Cl, Na, K, Ca, Mg, Br, Si, B, Sr, Li, Mo, W, T°, E.C. and pH.  198 

The seawater content (fsea) for each sample was calculated using the ionic deviation from 199 

a conservative seawater–freshwater mixture, assuming Cl to be a conservative tracer: 200 

 201 

fsea = ( CCl,sample- CCl,f)/( CCl,sea- CCl,f) x100                                                           (1) 202 

 203 

where CCl, sample represents the Cl concentration of the sample, CCl,f  the freshwater Cl 204 

concentration and CCl,sea the seawater Cl concentration. These values were compared with seawater 205 

fraction for the period 2002-2007, fsea (2002- 2007), calculated using the water chemistry data 206 

published by Di Napoli et al. (2009). 207 

The statistical analyses used in this study are multivariate methods, which provide several 208 

venues for exploratory assessment of water quality data sets. Water chemistry is subject to complex 209 

interactions, whose impacts may be impossible to isolate and to study individually. 210 

In this study, using the IBM SPSS Statistics Software V26 we performed the factorial 211 

analysis (FA), over the same database of water chemical analysis. FA is a useful method, largely 212 

used in hydrogeological studies (Moeck et al., 2016; Negri et al., 2018; Taucare et al., 2020; Daniele 213 

et al., 2013, 2020). Factors were extracted from the correlation matrix of the variables using the 214 
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Principal Component Analysis (PCA) method. The selected factors have eigenvalues higher than 215 

one and were subsequently rotated orthogonally using the quartimax method to minimize the 216 

number of factors needed to explain each variable. The variable weights in each factor are relevant 217 

if it is >0.50. The variance of the geochemical variables has been determined by the KMO test 218 

(Kayser, 1960) whose value of 0.81 ensures the quality of the FA in this study. In addition, this 219 

method also allows us to calculate the factor score, which represents the intensity of the factor on 220 

each sample. 221 

 222 

4. Results and Discussion 223 

Ischia groundwaters present a wide range of physicochemical parameters that vary from 224 

diluted cold waters (e.g., #44 and #69) to highly saline boiling waters (e.g., #48). Water temperature 225 

ranges between 11.0 °C and 99.5 °C, with the highest values registered in the western part of the 226 

island (Fig. 3), and pH values vary from slightly acidic to alkaline values, between 4.3 to 8.8. 227 

Electrical conductivity varies from 1.3 mS/cm to 52.7 mS/cm, with the minimum value recorded 228 

in cold spring (#44) in the south part of the island and far from the coastline, and the maximum 229 

value measured in a high-temperature spring (#48), 100 m far from the coast. Despite that, a linear 230 

correlation between T and EC is absent. In general, more saline samples are located close to the 231 

coastline (Fig. 3).  232 

The chemical composition of water samples is largely dominated by Cl and Na, followed 233 

in decreasing order by K, Mg, Ca, Br, B, Sr, Li and W. Chloride shows a poor correlation with 234 

temperature and its maximum concentrations are located along the coastal areas (Fig. 4a and b). Cl 235 

contents are mainly related to seawater contribution to the Ischia groundwater system, in agreement 236 

with Di Napoli et al., (2012).  237 

Figure 5 shows binary plots of major and minor ions versus Cl. The positive correlations of 238 
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Na, K, and Br and B with Cl (Figs. 5a, b, e), lying on the theoretical FW-SW mixing line, suggest 239 

a common origin for these chemical species, mainly related to seawater intrusion. The B 240 

concentration of the SW sampleof SW sample is slightly higher than mean values in seawater (4.5 241 

mg/l; Morell et al., 2008), but this value agrees with the average value of 5.1 mg/l calculated by 242 

Gofiantini et al. (2003) for the Mediterranean Sea. The Sr contents of the seawater sample (4.8 243 

mg/l), already published in Morell et al. (2008), is lower than Sr concentrations measured in the 244 

mediterranean sea (8.4 mg/l; Daniele et al., 2011). The FW sample presents relatively high Sr, Ca 245 

and Mg values of 0.57 mg/l, 86 mg/l and 16.8 mg/l. Strontium follows a similar trend of Mg and 246 

Ca and presents positive correlation with Cl (fig. 5c, d, h), according to a Sr, Ca and Mg origin 247 

mainly related to carbonate dissolution and water-rock interaction (Musgrove, 2021). 248 

On the other hand, B and Li (Figs. 5f, g,) presenting a poor correlation with Cl, diverges 249 

from the theoretical mixing curve, showing values higher than the SW end-member, and suggest 250 

an origin for Lithese elements that could be related to the mixing between FW and a hydrothermal 251 

endmember (Aiuppa et al., 2006; Morell et al., 2008).  252 

 253 

4.1 Seawater intrusion 254 

To quantify the seawater contribution in the chemical composition of each sample, the 255 

seawater fraction (fsea) was calculated. This method is considered a valid one, since Cl is a 256 

conservative tracer, and his concentration in Ischia waters is mainly due to  marine origin (Di 257 

Napoli et al., 2012), mostly related to seawater intrusion and subordinate marine aerosol. The 258 

calculated values range from <1% to 70%, with most of them being <10%. The spatial distribution 259 

(Fig. 6a) shows high values (>10% wt) toward the coast, with particularly high values (>60% wt) 260 

along the western portion of the island (Lacco, Citara, St. Angelo), indicating the presence of water 261 

of marine origin. Towards the central part of the island the values are generally lower than 2%, 262 
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indicating that the phenomenon of seawater intrusion is almost absent. In Lacco and Citara, the 263 

high variability of fsea values in sampled wells suggests a complex hydrogeological setting, where 264 

the aquifer may be controlled by an irregular fracture network, forming overlapped aquifer 265 

(multilayer) or perched aquifer (impermeable layer) that can exert a strong control on the seawater 266 

intrusion. 267 

Figure 6b and c shows the fsea values calculated with water samples collected between 268 

2002-2007, based on the work of Di Napoli et al. (2009). To have a direct comparison, in Figure 269 

6b, the fsea was calculated with the samples from Di Napoli et al. (2009) collected in the same 270 

wells of the present work. In Figure 6c, we calculated the fsea with all the samples from Di Napoli 271 

et al. (2009). Comparing the time variation of the seawater intrusion, calculations indicate an 272 

increase all along the coast, with fsea values up to 93%, while lower values are maintained towards 273 

the center of the island, indicating that the saline intrusion has not extended inland during about 10 274 

years. The increasing over pumping in wells near the coastline, where most of the spas and thermal 275 

wells are located, has enhanced the saltwater intrusion in the island. On the other hand, the aquifer 276 

geometry controlled by the fault-fracture meshes, and maybe the intense withdrawal near the 277 

coastline have limited the intrusion to the coastal areas, preventing the saltwater from reaching the 278 

inner part of the island. The input of cold seawater has not generated any changes in water 279 

temperatures as shown in Figure 6, where our data are compared with data from Di Napoli et al. 280 

(2009), indicating a thermal system highly active. 281 

 282 

4.2 Factorial Analysis 283 

The use of the multivariate geostatistical methods is common in hydrogeochemical studies 284 

(Join et al., 1997; Meng and Maynard, 2001; Swanson et al., 2001; Cruz et al., 2006; Daniele et al., 285 

2008), being a reliable tool to unravel the relationship among the whole group of variables. This 286 
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helps to obtain a more complete hydrogeochemical interpretation of the controlling processes or 287 

the origin of the single variables. The Factorial Analysis (FA) is a statistical method used to underlie 288 

the interrelationship between the variables and to infer the geochemical processes controlling the 289 

water chemistry.   290 

A total of three principal factors were extracted (Figure 7), with eigenvalues greater than 1, 291 

explaining 84% of the total variance. Variables with loadings near to 1 form the factor, while near 292 

to 0 they don’t form the factor.  293 

Factor 1 (F1) accounts for 52% of the total variance, being the most relevant factor in the 294 

composition of these waters. It has positive loading values for Cl, Na, K, Mg, Ca, Br, Sr, with 295 

moderate positive loadings for B and Li. These variables, responsible for the major percentage of 296 

the observed chemistry, can be associated with the seawater intrusion process (Daniele, 2007; 297 

Daniele et al., 2008; Panda et al., 2006; Morell et al., 2008).  298 

Factor 2 (F2) accounts for 18% of the total variance and shows fairly positive loadings for 299 

T° (C), Si, Mo and W. Silica, Mo and W are usually related to either uptake by secondary minerals 300 

or non-stoichiometric dissolution of primary rocks. Their alteration minerals have not been 301 

identified in the geothermal surface environments in Ischia, but Mo and W have been found 302 

associated with sulfides and (hydr)oxides elsewhere, in wells scales and subsurface alteration 303 

(Kaasalainen and Stefánsson, 2012). The processes influencing the geochemistry of Mo and W in 304 

geothermal waters can be related to water-rock interaction and mixing between condensed steam 305 

and non-thermal surface waters. 306 

Factor 3 (F3) accounts for 14% of the total variance and shows fairly positive loading for 307 

Li, B and K. Boron is considered to be a highly mobile element and a good indicator of rock 308 

leaching in geothermal waters (Arnórsson and Andrésdóttir, 1995). Also, B may be transported by 309 

ascending steam (Morell et al., 2008; Kaasalainen and Stefánsson, 2012) and the B enrichment in 310 
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geothermal waters may be the result of its close proximity to the magmatic source and the 311 

absorption of magmatic vapors rich in B in non-thermal surface waters (Kaasalainen and 312 

Stefánsson, 2012; Wrage et al., 2017 and references therein). Lithium and K are considered to be 313 

dominated by water-rock interaction processes and to a lesser extent to mixing between condensed 314 

steam and non-thermal surface waters (Markússon and Stefánsson, 2011; Kaasalainen and 315 

Stefánsson, 2012). Aqueous concentrations of these elements are considered to be controlled by 316 

the equilibrium of thermal waters with aluminum silicates such as K-feldspar, zeolites and clays 317 

(Stefánsson and Arnórsson, 2000). Pure alkali minerals are not common, but these elements are 318 

more commonly incorporated into major secondary minerals like clays, zeolites, and feldspar as 319 

well as Li into quartz (Goguel, 1983). 320 

Also, B, Li and K may have a marine origin and are considered a tracer for seawater 321 

intrusion assessment (Sanchez-Martos et al., 1999). The variables present similar loadings in F1 322 

and F3, suggesting that both seawater and hydrothermal contribution may be reasonable for K, B 323 

and Li in Ischia waters. 324 

According to our interpretation, samples with high saline factors have positive F1 values, 325 

suggesting that seawater intrusion is the main hydrogeochemical process. Nevertheless, some of 326 

these samples also show positive factor scoring for F2 and F3, indicating the existence and 327 

superposition of different geochemical processes in the analyzed samples. Samples #43, #64 and 328 

#65 show a highly positive factor scoring for F3, and also for F1, indicating superposition of 329 

processes for these samples. 330 

Other samples show negative F1 values, indicating low or no seawater influence. These 331 

samples present positive factor scoring for F2, indicating a hydrothermal influence from the active 332 

geothermal reservoir. Finally, we obtained the spatial distribution of the factor scoring of each 333 

sample, using the inverse weighted distance interpolation. The method assumes that each measured 334 
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value has local influences diminishing with the distance. The absence of data in the central and 335 

southeast parts of the island has to be considered in the obtained spatial distribution. The 336 

distribution maps represent a synthesis of the physicochemical processes identified at the Ischia 337 

Island geothermal system. 338 

The F1 spatial distribution (Figure 7a), associated with the seawater intrusion process, 339 

presented positive scoring along the coastline (north, center and south) of the western Ischia sector 340 

and the north-east coastline, with the highest value in the western area. Towards inland, and in the 341 

south-east (Forio), F1 presents negative scores, according to the fact that seawater intrusion moves 342 

from the coast toward inland, with a limited extension. The spatial distribution of F2 (Figure 7b), 343 

associated with the hydrothermal water-rock interaction and mixing of deep geothermal fluids with 344 

meteoric recharge, presents positive scoring from Mt. Epomeo towards the north (Casamicciola) 345 

and south-west (south Citara and St. Angelo), far from the coast, associated with fracture systems 346 

and the deepest faults delimiting Mt. Epomeo. The F3 spatial distributions (Figure 7c), associated 347 

with superposition of processes, show a high intensity at the coastal fracture system at north-west 348 

(Lacco), where the deep fluids rise (enhancing water volcanic/saline rock interaction) and mix with 349 

superficial recharge waters, meteoric and seawater. This location also presents a high intensity for 350 

F1, corroborating the superposition of processes in that zone. Forio coastal area shows negative 351 

scoring for all factors, indicating that these waters have not been significantly affected by the 352 

processes just mentioned, due to scarce hydraulic connection, or waters just infiltrated, hosted in 353 

perched or small confined aquifers. 354 

 355 

5. Conclusions 356 

The Ischia hydrothermal system is characterized by a great complexity in its geometry, fluid 357 

circulation and hydrogeochemical processes which is reflected in the vast physicochemical 358 
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heterogeneity of the waters. The low correlation between Cl and temperature indicates that the Cl 359 

origin is mainly related to seawater. Also, its spatial distribution shows higher concentrations 360 

towards coastal zones diminishing towards inland, being the marine source (seawater intrusion) the 361 

most likely origin. Considering a conservative mixture between FW and SW, most of the ionic 362 

concentrations deviate from this theoretical mix line, showing enrichment in B, Li and depletion 363 

in Mg, Ca and Sr due to ionic exchange processes, water-rock interaction and mixing with deep 364 

hydrothermal fluids. The water-rock interaction process is enhanced by the high temperature of the 365 

system that allows the dissolution of volcanic rock minerals and the precipitation of secondary 366 

minerals, such as calcite and other carbonates.  367 

The statistical and geostatistical methods used allowed us to identify different 368 

hydrogeochemical processes in the Ischia groundwater. Seawater intrusion, for the first time 369 

quantified in the Ischia groundwaters by this study, water-rock interaction, and deep fluid mixing 370 

processes are present. The calculated saline factor rises up to 69.6% in samples collected near the 371 

coastline. Results indicate that the determined processes act with different intensity and are 372 

superimposed in most of the analyzed waters, with clear spatial distribution. Each sample presents 373 

a dominant process, and we assess three main water types based on identified hydrogeochemical 374 

processes.  375 

The Ischia groundwater system is fed by meteoric recharge and the water samples with 376 

neutral pH, low E.C, temperature and saline factor, with low or no interaction with the 377 

hydrothermal system and seawater intrusion can be considered as FW proceeding from this process.  378 

Waters with low to moderate salinity, with Cl content less than 2000 mg/l, Br lower than 379 

11,47 mg/l and lower Ca and Mg concentrations, show B and Li content and higher concentrations 380 

of Si, Mo and W compared with the rest of the samples. Their temperature ranges widely from 381 

15,8°C to 77,4°C. The dominant processes in these samples are the hydrothermal water-rock 382 
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interaction and the mixing of deep-seated fluids. 383 

Finally, the last water type is formed by samples with high Cl > 15733 mg/l and Br [17,3 – 384 

90,9 mg/l] content, but with the lowest concentrations of Si, Mo and W. The temperature is 385 

generally high [43.3 – 99.5°C]. The dominant geochemical process in this group is the seawater 386 

intrusion (i.e., high fsea). 387 

The factorial analysis corroborates these results and suggests that the main physicochemical 388 

process in the analyzed samples is the seawater intrusion.  The F1, which explains most of the data 389 

variability, has been interpreted as the seawater intrusion factor, and positive scores are associated 390 

with the coastal zone samples. The deep fluids and water-rock interaction processes (F2 and F3) 391 

are less responsible for the water chemistry of the Ischia Island. Samples along fractured zones, 392 

associated with lower salinity water (north and south-west zones) show the highest scores of F2 393 

and F3, except for the Punta Caruso-Lacco area. Here seawater and deep fluids overlap in sampled 394 

chemistry water. This distribution of the hydrogeochemical processes reveals a highly complex 395 

hydrogeological scenario, with waters highly different in the composition being collected very 396 

close due to strong control played by fractures and faults. 397 

The complex lithological/structural system indicates that towards the center of the island 398 

the principal groundwater source is the meteoric recharge, which infiltrates to deeper levels where 399 

a mixture with hot fluids occurs. The groundwater flows towards the coast where seawater intrusion 400 

occurs due to boreholes pumping. The water-rock interaction (precipitation/dilution) is enhanced 401 

by high temperature in fractures, and towards the coast where the seawater intrusion promotes the 402 

ionic exchange process.  403 

From a temporal point of view, the samples from Di Napoli et al. (2007) establish that the 404 

seawater intrusion has increased over time all along the coastline reaching values up to 90%. While 405 

low values of fsea continue in the central part of the island. Despite this extra input of cold seawater, 406 
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the temperature of the system is stable, at high temperatures, suggesting a very efficient heat 407 

transport in this active geothermal system.  408 

 409 

Acknowledgements 410 

This paper is partially funded by Program U-Apoya (N/A1/2014), University of Chile who 411 

granted Dr. Linda Daniele and by project PCI ITAL170012. Additional funding was provided by 412 

project M02761 Ministero Affari Esteri e Cooperazione Internazionale to Renato Somma and by 413 

ANID-FONDAP #15200001/ACE210005 (Centro de Excelencia en Geotermia de los Andes, 414 

CEGA). Finally, we acknowledge chief editor Stefano Albanese for handling the manuscript. An 415 

anonymous reviewer is acknowledged for the helpful comments and suggestions. 416 

 417 

References 418 

Acocella V & Funiciello R (1999) The interaction between regional and local tectonics during 419 

resurgent doming: the case of the island of Ischia, Italy. Journal of Volcanology and 420 

Geothermal Research, 88,109-123. 421 

Acocella V, Funiciello R & Lombardi S (1997) Active tectonics and resurgence at Ischia Island 422 

(Southern Italy). Il Quaternario, 10,427-432. 423 

Aiuppa A, Avino R, Brusca L, Caliro S, Chiodini G, D'Alessandro W, Favara R, Federico C, 424 

Ginevra W, Inguaggiato S, Longo M, Pecoraino G & Valenza M (2006) Mineral control of 425 

arsenic content in thermal waters from volcano-hosted hydrothermal systems: Insights from 426 

island of Ischia and Phlegrean Fields (Campanian Volcanic Province, Italy). Chemical 427 

Geology, 229,313-330. 428 

Arnórsson, S., Andrésdóttir, A., 1995. Processes controlling the distribution of boron and chlorine 429 

in natural waters in Iceland. Geochimica et Cosmochimica Acta 59, 4125–4146. 430 



19 

 

Bucci A, Naclerio G, Allocca V, Celico P & Celico F (2011) Potential use of microbial community 431 

investigations to analyse hydrothermal systems behaviour: The case of Ischia Island, 432 

Southern Italy. Hydrological Processes, 25,1866-1873. 433 

Caliro S, Panichi C & Stanzione D (1999) Variation in the total dissolved carbon isotope 434 

composition of thermal waters of the Island of Ischia (Italy) and its implications for volcanic 435 

surveillance. Journal of Volcanology and Geothermal Research, 90,219-240. 436 

Capuano P, De Matteis R & Russo G (2015) The structural setting of the Ischia Island Caldera 437 

(Italy): first evidence from seismic and gravity data. Bulletin of Volcanology, 77. 438 

Carapezza M, Hauser S, Parello F, Scelsi E, Valenza M, Favara R & Guerrieri S (1988) Preliminary 439 

studies on the geothermal fluids of the island of Ischia: Gas geochemistry. Rend. Soc. Ital. 440 

Mineral. Petrol., 43,967-973. 441 

Carlino S (2012) The process of resurgence for Ischia Island (southern Italy) since 55 ka: The 442 

laccolith model and implications for eruption forecasting. Bulletin of Volcanology, 74,947-443 

961. 444 

Carlino S, Somma R, Troise C, De Natale G (2012) The geothermal exploration of Campanian 445 

volcanoes: historical review and future development. Renew Sust Energ Rev 16(1):1004–446 

1030. 447 

Carlino S, Cubellis E, Luongo G & Obrizzo F (2006) On the mechanics of caldera resurgence of 448 

Ischia Island (southern Italy). In: Geological Society Special Publication, 269, 181-193. 449 

Carlino S, Somma R, Troiano A, Di Giuseppe MG, Troise C & De Natale G (2014) The geothermal 450 

system of Ischia Island (southern Italy): Critical review and sustainability analysis of 451 

geothermal resource for electricity generation. Renewable Energy, 62,177-196. 452 

Carlino S, Somma R, Troiano A, Di Giuseppe MG, Troise C & De Natale G (2015) Geothermal 453 

Investigations of Active Volcanoes: The Example of Ischia Island and Campi Flegrei 454 



20 

 

Caldera (Southern Italy). In: Engineering Geology for Society and Territory - Volume 1: 455 

Climate Change and Engineering Geology, Springer International Publishing, 369-372. 456 

Celico P, Stanzione D, Esposito L, Formica F, Piscopo V & De Rosa B (1999a) La complessita` 457 

idrogeologica di un’area vulcanica attiva:l’isola di Ischia (Napoli-Campania). Boll. Soc. 458 

Geol. Ital, 118,485-504. 459 

Celico P, Stanzione D, Esposito L, Formica F, Piscopo V & De Rosa B (1999b) La complessità 460 

idrogeologica di un'area vulcanica attiva: l'Isola di Ischia (Napoli-Campania). Boll Soc Geol 461 

It, 118,485-504. 462 

Chiocci FL & de Alteriis G (2006) The Ischia debris avalanche: First clear submarine evidence in 463 

the Mediterranean of a volcanic island prehistorical collapse. Terra Nova, 18,202-209. 464 

Chiodini G, Avino R, Brombach T, Caliro S, Cardellini C, De Vita S, Frondini F, Granirei D, 465 

Marotta E & Ventura G (2004) Fumarolic and diffuse soil degassing west of Mount 466 

Epomeo, Ischia, Italy. Journal of Volcanology and Geothermal Research, 133,291-309. 467 

Corniello A, de Riso R, Ducci D & Napolitano P (1994) Salt water intrusion in the Ischia island 468 

(Southern Italy). In: 13th SWIM (Salt Water Intrusion Meeting) (ed. G B) Cagliari, 363-469 

371. 470 

Cruz V.J., Franca Z. (2006) Hydrogeochemistry of thermal and mineral water springs of the Azores 471 

archipelago (Portugal). Journal of Volcanology and Geothermal Research 151 (2006) 382 472 

– 398 473 

Cubellis E & Luongo G (1998) Il Terremoto del 28 Luglio 1883 a Casamicciola nell'Isola d'Ischia 474 

'Il Contesto Fisico',49-123. 475 

Custodio E (2010) Coastal aquifers of Europe: An overview. Hydrogeology Journal, 18,269-280. 476 

Daniele, L., Vallejos, A., & Molina, L. (2008). Geostatistical analysis to identify hydrogeochemical 477 

processes in complex aquifers: a case study (Aguadulce unit, Almeria, SE Spain). Ambio, 478 



21 

 

37(4), 249-253. 479 

Daniele L (2004) Distribution of arsenic and other minor trace elements in the groundwater of 480 

Ischia Island (southern Italy). Environmental Geology, 46,96-103. 481 

Daniele, L.,Vallejos, Á., Sola F., Corbella, M., Pulido-Bosch A. Hydrogeochemical processes in 482 

the vicinity of a desalination plant (Cabo de Gata, SE Spain). Desalination (2011), 483 

doi:10.1016/j.desal.2011.04.052 484 

 485 

Daniele, L., Vallejos, Á., Corbella, M., Molina, L., & Pulido-Bosch, A. (2013). Hydrogeochemistry 486 

and geochemical simulations to assess water-rock interactions in complex carbonate 487 

aquifers: The case of Aguadulce (SE Spain). Applied Geochemistry, 29, 43-54. 488 

Daniele, L., Taucare, M., Viguier, B., Arancibia, G., Aravena, D., Roquer, T., ... & Morata, D. 489 

(2020). Exploring the shallow geothermal resources in the Chilean Southern Volcanic Zone: 490 

Insight from the Liquiñe thermal springs. Journal of Geochemical Exploration, 218, 491 

106611. 492 

De Gennaro M, Ferreri M, Ghiara MR & Stanzione D (1984) Geochemistry of thermal waters on 493 

the island of Ischia (Campania, Italy). Geothermics, 13,361-374. 494 

De Martino P, Tammaro U, Obrizzo F, Sepe V, Brandi G, D’Alessandro A, Dolce M & Pingue F 495 

(2011) La rete GPS dell’isola di Ischia: deformazioni del suolo in un’area vulcanica attiva 496 

(1998–2010). Quaderni di Geofisica ISSN 1590–2595, 95,1-61. 497 

Del Gaudio C, Aquino I, Ricco C, Sepe V & Serio C (2011) Monitoraggio geodetico dell’isola 498 

d’Ischia: risultati della livellazione geometrica di precisione eseguita a Giugno 2010. 499 

Quaderni di Geofisica ISSN 1590–2595, 87,1-20. 500 

De Natale G., Petrazzuoli S., Troise C Romanelli F., Vaccari F., Renato Somma R., Antonella 501 

Peresan A., Panza G. (2019)  Seismic risk mitigation at Ischia island (Naples, Southern 502 

Formatted: Indent: Left:  0", First line:  0"

Formatted: Font color: Auto



22 

 

Italy): an innovative approach to mitigate catastrophic scenarios. ENGEO_2019_325_R3 503 

Di Napoli R, Aiuppa A, Bellomo S, Brusca L, D'Alessandro W, Candela EG, Longo M, Pecoraino 504 

G & Valenza M (2009) A model for Ischia hydrothermal system: Evidences from the 505 

chemistry of thermal groundwaters. Journal of Volcanology and Geothermal Research, 506 

186,133-159. 507 

Di Napoli R, Federico C, Aiuppa A, D'Antonio M & Valenza M (2013) Quantitative models of 508 

hydrothermal fluid-mineral reaction: The Ischia case. Geochimica et Cosmochimica Acta, 509 

105,108-129. 510 

Di Napoli R, Martorana R, Orsi G, Aiuppa A, Camarda M, De Gregorio S, Gagliano Candela E, 511 

Luzio D, Messina N, Pecoraino G, Bitetto M, De Vita S & Valenza M (2011) The structure 512 

of a hydrothermal system from an integrated geochemical, geophysical, and geological 513 

approach: The Ischia Island case study. Geochemistry, Geophysics, Geosystems, 12. 514 

Ducci D & Sellerino M (2012) Natural background levels for some ions in groundwater of the 515 

Campania region (southern Italy). Environmental Earth Sciences, 67,683-693. 516 

Ferguson G., Gleeson T. (2012) Vulnerability of coastal aquifers to groundwater use and climate 517 

change. Nature Climate Change 2, May 2012. 518 

Fusi N, Tibaldi A & Vezzoli L (1990) Vulcanismo, risorgenza calderica e relazioni con la tettonica 519 

regionale nell'isola d'Ischia. Memorie Della Società Geologica Italiana, 45,971-980. 520 

Goguel, R., 1983. The rare alkalies in hydrothermal alteration at Wairakei and Broadlands, 521 

geothermal fields, N.Z. Geochimica et Cosmochimica Acta 47, 429–437. 522 

Gonfiantini, et al. 2003. Intercomparison of boron isotope and concentration measurement. Part II: 523 

Evaluation of results. Geostandards Newsletter 27: 41–57. 524 

Inguaggiato S, Pecoraino G & D'Amore F (2000) Chemical and isotopical characterisation of fluid 525 

manifestations of Ischia Island (Italy). Journal of Volcanology and Geothermal Research, 526 

Formatted: Font color: Auto



23 

 

99,151-178. 527 

Kaasalainen, H., Stefansson, A., 2012. The chemistry of trace elements in surface geothermal 528 

waters and steam, Iceland. Chem. Geol. 330-331, 60–85. 529 

Kaiser, H. F. (1960). The application of electronic computers to factor analysis. Educational & 530 

Psychological Measurement, 20, 141 - 151. 531 

Lima A, Cicchella D & Di Francia S (2003) Natural contribution of harmful elements in thermal 532 

groundwaters of Ischia Island (southern Italy). Environmental Geology, 43,930-940.  533 

Lu, C., and A. D. Werner (2013), Timescales of seawater intrusion and retreat, Adv. Water Res., 59, 534 

39–51, doi:10.1016/j.advwatres.2013.05.005. 535 

Luongo G, Cubellis E & Obrizzo F (1987) Ischia Storia Di Un'isola Vulcanica. 536 

Join, J.-L., Coudray, J., Longworth, K. (1997) Using principal components analysis and Na/Cl 537 

ratios to trace groundwater circulation in a volcanic island: the example of Reunion. 538 

Journalof Hydrology 190, 1 – 18. 539 

Manzo M, Ricciardi GP, Casu F, Ventura G, Zeni G, Borgström S, Berardino P, Del Gaudio C & 540 

Lanari R (2006) Surface deformation analysis in the Ischia Island (Italy) based on 541 

spaceborne radar interferometry. Journal of Volcanology and Geothermal Research, 542 

151,399-416. 543 

Markússon, S.H., Stefánsson, A., 2011. Geothermal surface alteration of basalts, Krýsuvík Iceland 544 

– alteration mineralogy, water chemistry and the effects of acid supply on the alteration 545 

process. Journal of Volcanology and Geothermal Research 206, 46–59. 546 

Meng, S.X., Maynard, J.B., 2001. Use of statistical analysis to formulate conceptual models of 547 

geochemical behavior: water chemical data from the Botucatu aquifer in Sa˜o Paulo state, 548 

Brazil. Journal of Hydrology 250, 78 – 97. 549 

Milano G, Petrazzuoli S & Ventura G (2004) Effects of hydrothermal circulation on the strain field 550 



24 

 

of the Campanian Plain (southern Italy). Terra Nova, 16,205-209. 551 

Molin P, Acocella V & Funiciello R (2003) Structural, seismic and hydrothermal features at the 552 

border of an active intermittent resurgent block: Ischia Island (Italy). Journal of 553 

Volcanology and Geothermal Research, 121,65-81. 554 

Morell I, Pulido-Bosch A, Daniele L & Cruz JV (2008) Chemical and isotopic assessment in 555 

volcanic thermal waters: Cases of Ischia (Italy) and São Miguel (Azores, Portugal). 556 

Hydrological Processes, 22,4386-4399. 557 

MaryLynn Musgrove (2021) The occurrence and distribution of strontium in U.S. groundwater. 558 

Applied Geochemistry 126 (2021) 104867. 559 

Nappi, R., Porfido, S., Paganini, E., Vezzoli, L., Ferrario, M.F., Gaudiosi, G., Alessio, G., Michetti, 560 

A.M. (2021) The 2017, MD = 4.0, Casamicciola Earthquake: ESI-07 Scale Evaluation and 561 

Implications for the Source Model. Geosciences , 11, 44.  562 

Negri, A., Daniele, L., Aravena, D., Muñoz, M., Delgado, A., & Morata, D. (2018). Decoding fjord 563 

water contribution and geochemical processes in the Aysen thermal springs (Southern 564 

Patagonia, Chile). Journal of Geochemical Exploration, 185, 1-13. 565 

Orsi G, Gallo G & Zanchi A (1991) Simple-shearing block resurgence in caldera depressions. A 566 

model from Pantelleria and Ischia. Journal of Volcanology and Geothermal Research, 47,1-567 

11. 568 

Panda, U. C., Sundaray, S. K., Rath, P., Nayak, B. B., & Bhatta, D. (2006). Application of factor 569 

and cluster analysis for characterization of river and estuarine water systems–A case study: 570 

Mahanadi River (India). Journal of Hydrology, 331, 434-445. 571 

Panichi C, Bolognesi L, Ghiara MR, Noto P & Stanzione D (1992) Geothermal assessment of the 572 

island of Ischia (southern Italy) from isotopic and chemical composition of the delivered 573 

fluids. Journal of Volcanology and Geothermal Research, 49,329-348. 574 

Formatted: Font color: Auto



25 

 

Piscopo, V.; Formica, F.; Lana, L.; Lotti, F.; Pianese, L.; Trifuoggi, M. Relationship Between 575 

Aquifer Pumping Response and Quality of Water Extracted from Wells in an Active 576 

Hydrothermal System: The Case of the Island of Ischia (Southern Italy). Water 2020, 12, 577 

2576.  578 

Russak A, Sivan O. (2010) Hydrogeochemical tool to identify salinization or freshening of coastal 579 

aquifers determined from combined field work, experiments, and modelling. Environ Sci 580 

Technol, 44: 4096–102. 581 

Sanchez-Martos F, Pulido-Bosch A, Calaforra-Chordi JM. (1999) Hydrogeochemical processes in 582 

an arid region of Europe. Almeria, SE Spain. Appl Geochem, 14: 735-745. 583 

Small C., Nicholls R.J. (2003) A global analysis of human settlement in coastal zones. Journal of 584 

Coastal Research 19, 584-599. 585 

Stefánsson, A., Arnórsson, S., 2000. Feldspar saturation state in natural waters. Geochimica et 586 

Cosmochimica Acta 64, 2567–2584. 587 

Swanson, S., Bahr, J.M., Schwar, M.T., Potter, K.W., 2001. Two-way cluster analysis of 588 

geochemical data to constrain spring source waters. Chemical Geology 179, 73 – 91. 589 

Taucare, M., Viguier, B., Daniele, L., Heuser, G., Arancibia, G., & Leonardi, V. (2020). 590 

Connectivity of fractures and groundwater flows analyses into the Western Andean Front 591 

by means of a topological approach (Aconcagua Basin, Central Chile). Hydrogeology 592 

Journal. 593 

Tedesco D (1996) Chemical and isotopic investigations of fumarolic gases from Ischia island 594 

(southern Italy): Evidences of magmatic and crustal contribution. Journal of Volcanology 595 

and Geothermal Research, 74,233-242. 596 

Tibaldi A & Vezzoli L (1997) Intermittenza e struttura della caldera risorgente attiva dell'isola 597 

d'Ischia. Il Quaternario. J. Quat. Sci., 10,465-470. 598 



26 

 

Tibaldi A & Vezzoli L (1998) The space problem of caldera resurgence: an example from Ischia 599 

Island, Italy. Geologische Rundschau, 87,53-66. 600 

Tibaldi A & Vezzoli L (2004) A new type of volcano flank failure: the resurgent caldera sector 601 

collapse. Ischia. 602 

Troise C., De Natale G., Schiavone R., Somma R., Moretti R. (2019) The Campi Flegrei caldera 603 

unrest: Discriminating magma intrusions from hydrothermal effects and implications for 604 

possible evolution Earth Science Reviews, 188, 108-122 605 

doi.org/10.1016/j.earscirev.2018.11.007 606 

Vezzoli L (1988) Island of Ischia. Quaderni della ricerca Scientifica, 114,100. 607 

Werner A.D., Bakker M., Post V.E.A., Vandenbohede A., Lu C., Ataie-Ashtiani B., Simmons C.T., 608 

Barry D.A. (2013) Seawater intrusion processes, investigation and management: Recent 609 

advances and future challenges. Advances in Water Resources 51, 3–26. 610 

Wrage, J., Tardani, D., Reich, M., Daniele, L., Arancibia, G., Cembrano, J., ... & Pérez-Moreno, R. 611 

(2017). Geochemistry of thermal waters in the Southern Volcanic Zone, Chile–Implications 612 

for structural controls on geothermal fluid composition. Chemical Geology, 466, 545-561. 613 

 614 

  615 



27 

 

Figure Captions 616 

Figure 1. Structural and geological map of Ischia Island. Modified from Paoletti et al. (2015); 617 

Nocentini et al. (2015) and Lima et al. (2003). 618 

Figure 2. Hydrological zonation of Ischia Island, modified from Celico et al. (1999). Blue squares 619 

and circles represent the locations of sampled springs and boreholes, respectively. Blue stars SW 620 

and FW identify the sample location of the reference seawater and groundwater samples, 621 

respectively. 622 

Figure 3. Spatial distribution of sample temperatures (colors) and electric conductivity (size) in 623 

the area of study. 624 

Figure 4. Linear correlation (a) and spatial distribution (b) of temperature and chloride contents in 625 

water samples from Ischia Island. 626 

Figure 5. Chloride contents versus elemental concentrations of Na (a), K (b), Ca (c), Mg (d), Br 627 

(e), B (f), Li (g) and Sr (h) for the springs (blue square) and borehole (blue circles) samples of 628 

Ischia Island. SW and FW end-members are also reported. 629 

Figure 6. Spatial distribution of saline factor calculated with data from this work (a) and from Di 630 

Napoli et al. (2009) (b and c). In Figure 6b are presented the fsea calculated with only the samples 631 

from Di Napoli et al. (2009) collected in the same wells of the present work. In Figure 6c, the fsea 632 

are calculated with all samples from Di Napoli et al. (2009). 633 

Figure 7. Spatial distribution of calculated factors F1 (a), F2 (b) and F3 (c) scoring for each sample. 634 

 635 



 
 Seawater intrusion has been quantified for the first time in the Ischia groundwaters 

 Chlorine origin in Ischia waters is mainly related to seawater intrusion  

 Water-rock interaction processes are less responsible for the groundwater chemistry  
 The seawater intrusion has increased over time all along the coastline 
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Table 1. Ions concentration in water samples from Ischia Island.

Sample ID E N T ph EC Cl Na

°C - mS/cm mg/l mg/l

SW 406181 4512306 26.4 8.2 56.9 22561 13848

FW 408006 4509988 19 7.5 0.65 44 89

1 Well 405580 4509630 41.7 7.3 15.9 186 196

2 Well 403590 4510096 18.0 7.6 7.6 177 88

3 Well 405040 4510357 53.6 7.1 9.1 811 1180

4 Well 404306 4508476 66 6.3 12 1245 1490

5 Well 404170 4508323 77.4 6.6 18.5 1997 2228

6 Well 404380 4508255 58.5 6.4 6.6 662 721

7 Well 403811 4509258 50.5 7.2 37.9 10228 8580

8 Well 403827 4509399 46.2 7.0 45.2 13812 11000

9 Well 403954 4508476 76.5 7.5 8.9 1444 1212

10 Well 404035 4508659 56 7.1 2.7 272 642

11 Well 404038 4508049 53 7.1 2 278 366

12 Well 404078 4508351 70.8 7.2 8.4 1157 1073

13 Well 404137 4508510 75.6 7.4 6.1 774 811

14 Well 405293 4506825 52.1 7.0 1.88 213 406

15 Well 404474 4508751 60.7 7.0 27.5 196 591

16 Well 405789 4510624 62.2 6.9 6.3 584 715

17 Well 405737 4510552 27.9 6.9 40.4 114 224

18 Well 406069 4510399 74.1 6.7 4 173 480

19 Well 405318 4506959 74 7.3 1.7 130 242

20 Hot spring 405276 4505993 50.1 7.2 45.7 15733 11700

21 Well 405387 4507335 63.7 7.3 2.2 346 325

22 Well 405418 4507281 47.7 6.9 2 231 223

23 Well 404000 4508670 68.4 6.5 16.3 3395 2736

24 Well 404065 4508622 25.8 7.1 3.56 682 407

25 Well 403875 4508722 45.2 6.3 31.2 15314 9784

26 Well 404089 4509021 45.1 7.2 7.51 1071 1022

27 Well 404534 4511123 39.5 7.6 7.65 1186 1002

28 Well 403923 4510302 20.4 7.6 14 211 141

29 Well 405432 4506700 62.7 7.5 9.2 1577 1220

30 Well 403533 4510273 18.7 7.8 1.6 198 179

31 Well 405901 4506629 77.2 7.9 9.64 1417 1242

32 Well 404531 4510362 30.6 7.8 3 349 385

33 Well 404193 4509411 39.8 7.5 4.28 394 813

34 Well 403871 4508858 43.9 7.0 4.04 419 490

35 Well 404035 4508781 45.7 7.0 26.7 231 344

36 Well 404095 4508813 50.5 7.5 3 192 466

37 Well 404521 4511204 43.4 7.5 7.5 1038 1202

38 Well 403899 4510192 23.5 7.8 12.8 142 174

39 Well 404072 4508188 51.2 7.6 1.6 168 163

40 Well 403743 4509372 33.7 7.4 10.7 1612 1506

41 Well 406440 4511407 28.5 7.4 19.1 265 281

42 Well 405430 4511947 50.8 7.0 25.5 6134 4485

43 Well 405400 4512070 76.8 6.7 46.7 13974 9763

44 Cold spring 405035 4509776 17.5 7.5 1.36 60 345

45 Well 405330 4505909 60 7.0 23 1147 2932

46 Well 405244 4505962 80 6.5 34 3077 7365

47 Hot spring 404024 4508240 45 6.0 35.9 4530 8182

48 Hot spring 404002 4508263 99.5 7.1 52.7 6571 9740

49 Well 408084 4511008 29.9 7.5 2.08 195 318

50 Hot spring 408043 4507326 27.5 6.4 1.27 63 173

UTM WGS84 33N
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51 Hot spring 407954 4506601 33.7 7.5 3.24 96 933

52 Well 407924 4506193 42 8.0 22.2 1913 2907

53 Hot spring 407499 4506528 41.6 7.8 8.33 1089 2180

54 Hot spring 407454 4506508 34.5 7.8 7.05 1138 2221

55 Well 407059 4510748 57 7.3 5.6 247 1171

56 Hot spring 409481 4511327 68.6 7.1 20.7 3771 4511

57 Hot spring 409385 4511418 54 6.9 24 4240 4732

58 Well 405649 4509211 11 8.6 1.34 62 462

59 Hot spring 407722 4510720 53.2 8.8 4.77 325 1151

60 Hot spring 412131 4508563 34.2 6.1 7.22 1005 958

61 Well 408935 4511330 56.2 7.0 20.4 4415 4924

62 Well 407755 4511094 51 7.1 5.18 361 1351

63 Well 407828 4510877 46.6 8.1 5.1 299 1283

64 Well 405275 4512328 54.5 7.1 47.9 7994 10700

65 Well 405088 4512353 64 4.3 51 8605 10700

66 Well 405449 4512103 41.8 6.1 5.38 1147 1178

67 Well 410623 4510449 54 7.6 12.5 3071 2934

68 Well 410913 4510641 43.3 6.6 9.98 2800 2504

69 Cold spring 405639 4507376 15.8 8.1 1.47 190 445



K Ca Mg Br Si B Sr Li Mo W

mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l μg/l μg/l

449 437 1556 58.3 b.d. 5.27 4.81 0.28 b.d. b.d.

4 86 16.8 0.2 13.8 0.04 0.57 0.03 8.7 0.5

11 13 1.8 0.2 18.5 0.05 0.07 0.03 4.2 0.5

6 14 7.5 0.1 6.9 0.07 0.04 0.03 9.1 0.5

130 30 7.4 4.1 21.4 1.35 0.28 0.09 80 2.1

54 53 6.9 7.5 37.5 1.93 0.40 0.23 20.1 33.1

93 90 21.2 11.5 36.9 2.17 0.65 0.25 22.9 20.1

36 67 3.4 3.5 45.5 2.71 0.40 0.13 32.7 19

206 319 427 51.1 11.9 2.94 2.82 0.36 23.5 1.6

213 622 493 76.7 16.1 2.95 8.92 0.63 19.1 1

43 20 1.8 7.3 41.9 4.16 0.21 0.32 64.2 139.8

76 15 1.2 0.7 66.5 0.79 0.03 0.20 63.4 41.6

7 16 1.3 0.9 42.8 1.46 0.09 0.13 16.2 11.9

38 27 2.1 6.5 34 3.95 0.20 0.30 53.3 127.6

16 17 1.2 4.4 40 1.85 0.15 0.23 41.8 63.9

5 6 0.6 0.7 64.2 0.49 0.01 0.22 17.2 21

55 15 0.8 0.5 79.7 0.84 0.05 0.28 156.3 87.6

76 35 2.0 2.5 52.7 3.08 0.10 0.65 203.4 73.6

19 61 21.5 0.2 22.6 0.12 0.10 0.03 2.9 0.3

11 40 20.6 0.7 33.3 0.28 0.45 0.03 14.1 1.5

2 4 0.2 0.4 50.6 0.22 0.00 0.29 16 10.7

551 422 773 82.3 12.4 3.29 4.60 0.20 23.1 4.4

10 11 1.1 1.6 46.5 0.18 0.02 0.14 13.3 1.7

7 12 2.8 0.9 39.3 0.18 0.03 0.10 13.2 3.7

66 99 22.8 25 55 2.84 1.71 1.01 35.2 35.4

15 126 19.5 3.9 16.9 0.73 0.86 0.07 4 0.4

466 537 741 90.9 5.4 3.04 5.02 0.34 5.2 0.5

47 31 32.9 5.2 25.4 0.77 0.22 0.18 45.3 4.4

106 36 16 5.6 13.9 1.97 0.28 0.43 24.5 25.4

4 39 17.6 0.4 5.2 0.32 0.28 0.03 4.9 0.1

55 21 19.6 7.8 30.5 2.15 0.24 0.47 63 67.3

12 25 8.9 0.5 7.1 0.37 0.11 0.03 15.6 0.2

51 4 1.1 6.4 34.2 3.10 0.11 0.62 22.4 90.8

19 21 11.2 1.4 13 0.66 0.12 0.03 28.9 1.8

44 5 5.6 1.4 22.4 0.73 0.05 0.12 36.4 23

29 21 12.9 2.0 28.6 0.24 0.08 0.19 25 6.3

28 16 3 0.7 32.1 0.29 0.05 0.18 28 9.8

39 15 1.1 0.4 46.4 0.42 0.05 0.26 43.9 18.7

122 32 14 5.5 19.6 1.65 0.30 0.60 23.5 40

8 8 1.2 0.2 12.3 0.27 0.02 0.08 11.6 12.9

10 9 1.1 0.5 29.5 0.35 0.05 0.10 11.8 35.2

65 67 82.6 10 14 1.13 0.78 0.25 20.4 5.9

30 82 11.4 1.2 23.2 0.68 0.12 0.16 12.5 17.2

252 190 268.4 38.7 8.9 1.56 2.41 0.33 20.6 8

1000 206 219 80.5 45.5 7.70 7.12 3.25 6.2 9.5

25 71 15.4 0.4 18.2 0.05 0.11 0.03 6.6 0.5

100 74 75.9 5.9 25.2 0.53 0.30 0.15 14.1 59.9

320 181 402.3 17.3 33.3 1.22 0.70 0.37 14.7 50.1

551 207 135.4 22.8 43.1 1.44 0.79 0.67 2.2 4.3

742 276 193.3 40.5 48.5 2.36 1.60 1.54 3.9 4.9

57 131 35.6 0.8 18.9 0.19 0.25 0.03 14.9 2

24 151 17.8 0.2 18.4 0.12 0.11 0.03 15.6 0.2



5 27 16.4 0.3 29.1 0.14 0.41 0.12 30.4 14.2

119 27 1.1 10.9 38.8 2.15 0.46 1.30 16.8 78

36 28 1.3 3.9 38.4 1.71 0.29 1.32 75.1 15.3

32 23 1.2 4.1 48.2 1.69 0.36 1.10 80.2 12.9

84 18 5.9 1.1 33 0.89 0.14 0.13 101.2 27.6

174 70 99.0 24.7 23.8 1.95 0.81 0.87 58.8 28

212 109 185 28.5 25.3 1.68 1.11 0.67 49.4 28.3

25 7 1.5 0.3 21.3 0.15 0.07 0.03 2.2 0.3

153 1 0.1 1.5 39.8 1.00 0.02 0.19 44.8 41.5

81 71 79.4 5.1 20.3 0.80 0.58 0.16 6.5 0.1

244 97 103.4 29.7 32.3 2.42 1.07 0.92 45.5 29.4

62 20 3.8 1.7 36 1.40 0.14 0.12 133.7 48.7

119 7 0.4 1.4 38.6 0.97 0.05 0.40 39.3 30.1

1041 367 431.1 42.5 16 4.40 5.40 3.15 4.1 3.5

1270 311 364.8 57.1 41.4 18.95 6.52 6.08 5.5 9.5

113 72 25.7 4.7 33.3 0.90 0.24 0.63 26.9 13.1

148 64 81.5 21.7 31.4 4.90 0.83 0.95 47 15.2

165 109 86.3 20.1 25.2 2.65 0.88 0.59 46.5 8.1

12 8 0.2 0.4 19.8 0.30 0.02 0.09 11.2 0.5
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Sample Sample ID E N T ph EC Cl

°C - mS/cm mg/l

SW 406181 4512306 26.4 8.19 56.9 22561

FW 408006 4509988 19 7.49 0.65 44

LD 1 1 Well 405580 4509630 41.7 7.31 15.9 185.8

LD 2 2 Well 403590 4510096 18.0 7.56 7.6 177

LD 3 3 Well 405040 4510357 53.6 7.11 9.1 811.3

LD 4 4 Well 404306 4508476 66 6.33 12 1244.8

LD 5 5 Well 404170 4508323 77.4 6.59 18.5 1996.5

LD 6 6 Well 404380 4508255 58.5 6.43 6.6 662.3

LD 7 7 Well 403811 4509258 50.5 7.17 37.9 10228.4

LD 8 8 Well 403827 4509399 46.2 7.02 45.2 13811.7

LD 9 9 Well 403954 4508476 76.5 7.50 8.9 1443.5

LD 10 10 Well 404035 4508659 56 7.05 2.7 272

LD 11 11 Well 404038 4508049 53 7.09 2 277.5

LD 12 12 Well 404078 4508351 70.8 7.21 8.4 1157.3

LD 13 13 Well 404137 4508510 75.6 7.44 6.1 773.7

LD 14 14 Well 405293 4506825 52.1 7.04 1.88 213.1

LD 15 15 Well 404474 4508751 60.7 6.99 27.5 196.2

LD 16 16 Well 405789 4510624 62.2 6.91 6.3 583.8

LD 17 17 Well 405737 4510552 27.9 6.93 40.4 113.7

LD 18 18 Well 406069 4510399 74.1 6.74 4 172.7

LD 19 19 Well 405318 4506959 74 7.33 1.7 129.6

LD 20 20 Hot spring 405276 4505993 50.1 7.19 45.7 15733.4

LD 21 21 Well 405387 4507335 63.7 7.29 2.2 346.2

LD 22 22 Well 405418 4507281 47.7 6.89 2 231.1

LD 23 23 Well 404000 4508670 68.4 6.48 16.3 3395.2

LD 24 24 Well 404065 4508622 25.8 7.10 3.56 682.2

LD 25 25 Well 403875 4508722 45.2 6.31 31.2 15313.9

LD 26 26 Well 404089 4509021 45.1 7.20 7.51 1070.5

LD 27 27 Well 404534 4511123 39.5 7.56 7.65 1185.9

LD 28 28 Well 403923 4510302 20.4 7.59 14 210.6

LD 29 29 Well 405432 4506700 62.7 7.46 9.2 1577.3

LD 30 30 Well 403533 4510273 18.7 7.75 1.6 198.2

LD 31 31 Well 405901 4506629 77.2 7.88 9.64 1417.4

LD 32 32 Well 404531 4510362 30.6 7.81 3 349.1

LD 33 33 Well 404193 4509411 39.8 7.52 4.28 393.7

LD 34 34 Well 403871 4508858 43.9 7.02 4.04 418.8

LD 35 35 Well 404035 4508781 45.7 7.02 26.7 230.9

LD 36 36 Well 404095 4508813 50.5 7.50 3 191.7

LD 37 37 Well 404521 4511204 43.4 7.50 7.5 1037.5

LD 38 38 Well 403899 4510192 23.5 7.77 12.8 141.5

LD 39 39 Well 404072 4508188 51.2 7.59 1.6 168.3

LD 40 40 Well 403743 4509372 33.7 7.35 10.7 1611.5

LD 41 41 Well 406440 4511407 28.5 7.41 19.1 264.6

LD 42 42 Well 405430 4511947 50.8 6.95 25.5 6133.9

SDF 43 43 Well 405400 4512070 76.8 6.71 46.7 13974.2

SDF 44 44 Cold spring 405035 4509776 17.5 7.50 1.36 60

SDF 45 45 Well 405330 4505909 60 6.97 23 1147

SDF 46 46 Well 405244 4505962 80 6.52 34 3077

SDF 47 47 Hot spring 404024 4508240 45 6.02 35.9 4530

SDF 48 48 Hot spring 404002 4508263 99.5 7.05 52.7 6571

SDF 49 49 Well 408084 4511008 29.9 7.48 2.08 195

SDF 50 50 Hot spring 408043 4507326 27.5 6.38 1.27 63

SDF 51 51 Hot spring 407954 4506601 33.7 7.54 3.24 96

SDF 52 52 Well 407924 4506193 42 8.00 22.2 1913
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SDF 53 53 Hot spring 407499 4506528 41.6 7.81 8.33 1089

SDF 54 54 Hot spring 407454 4506508 34.5 7.82 7.05 1138

SDF 55 55 Well 407059 4510748 57 7.34 5.6 247

SDF 56 56 Hot spring 409481 4511327 68.6 7.08 20.7 3771

SDF 57 57 Hot spring 409385 4511418 54 6.85 24 4240

SDF 59 58 Well 405649 4509211 11 8.63 1.34 62

SDF 60 59 Hot spring 407722 4510720 53.2 8.82 4.77 325

SDF 61 60 Hot spring 412131 4508563 34.2 6.07 7.22 1005

SDF 62 61 Well 408935 4511330 56.2 6.95 20.4 4415

SDF 66 62 Well 407755 4511094 51 7.09 5.18 361

SDF 67 63 Well 407828 4510877 46.6 8.14 5.1 299

SDF 68 64 Well 405275 4512328 54.5 7.14 47.9 7994

SDF 69 65 Well 405088 4512353 64 4.30 51 8605

SDF 70 66 Well 405449 4512103 41.8 6.10 5.38 1147

SDF 71 67 Well 410623 4510449 54 7.60 12.5 3071

SDF 72 68 Well 410913 4510641 43.3 6.60 9.98 2800

SDF 73 69 Cold spring 405639 4507376 15.8 8.10 1.47 190



Na K Mg Ca Br Si B Sr Li Mo

mg/l mg/l mg/l mg/l mg/l mg/l ug/l ug/l ug/l ug/l

13848.3 448.5 1556.4 436.6 58.28 b.d. 5.27 4810 280 b.d.

89.2 4.01 16.82 85.51 0.21 13.80 0.04 570 30 8.7

196 10.98 1.80 13.23 0.237 18.51 49 65.34 4.2

87.9 5.9 7.5 13.7 0.093 6.95 73 36.87 9.1

1180.4 129.6 7.4 29.6 4.122 21.41 1354 280.24 88 80

1489.9 53.75 6.93 52.93 7.548 37.46 1933 397.6 226 20.1

2228.2 93.18 21.19 90.46 11.466 36.88 2172 647.5 254 22.9

721.4 35.69 3.38 66.56 3.458 45.52 2708 397.56 128 32.7

8579.6 205.78 427.06 318.60 51.125 11.88 2936 2822.04 355 23.5

11000 213.46 493.28 622.49 76.709 16.13 2948 8917.02 625 19.1

1212 42.75 1.83 20.30 7.266 41.92 4161 209.36 315 64.2

642.2 75.85 1.19 15.04 0.743 66.54 789 31.25 203 63.4

365.6 7.04 1.31 16.48 0.895 42.82 1463 87.32 129 16.2

1073.3 37.81 2.08 26.54 6.469 33.95 3953 195.45 303 53.3

810.5 16.44 1.19 16.72 4.4 40.03 1851 154.4 232 41.8

406 4.62 0.63 6.17 0.653 64.16 491 14.9 218 17.2

591.4 54.84 0.84 14.83 0.54 79.70 835 46.35 278 156.3

714.9 76.08 1.98 35.33 2.546 52.69 3081 101.64 650 203.4

224.4 18.60 21.51 61.40 0.156 22.64 121 104.57 2.9

479.7 10.77 20.62 40.16 0.664 33.29 277 446.22 14.1

241.5 2.26 0.19 3.82 0.393 50.59 221 3.18 285 16

11700 550.96 773.00 421.70 82.305 12.39 3291 4602.51 195 23.1

325.3 10.08 1.14 11.05 1.576 46.49 184 16.48 141 13.3

222.5 7.34 2.82 12.04 0.928 39.30 180 26.71 102 13.2

2735.9 65.83 22.78 98.76 24.963 55.04 2839 1707.79 1009 35.2

407 14.72 19.53 125.55 3.899 16.89 733 857.96 72 4
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Abstract 22 

Ischia is a volcanic island located NW of the Gulf of Naples (South Italy). The island of 23 

Ischia is a structurally complex hydrothermal active system that hosts a fractured aquifer system 24 

whose geometry and hydraulic properties are still partly unknown. The aquifer system of Ischia, 25 

composed mainly of Quaternary volcanic deposits and marine sediments, exhibits physically and 26 

chemically heterogeneous waters. The intense seismicity and hydrothermal activity are expressed 27 

by numerous fumaroles and thermal springs, which have been exploited since ancient times, 28 

promoting, and supporting the world-renowned tourist activities that constitute the main economic 29 

activity of the island. The aim of this study is to determine the hydrogeochemical processes in the 30 

Ischia aquifer system. Also, we calculated the proportion of seawater in the aquifer system of Ischia 31 

using historical hydrogeochemical data relative to two sampling campaigns. Sixty-nine 32 

groundwater and thermal spring samples collected in July 2000 were analyzed and compared with 33 

previously published data to identify the changes in seawater contribution. The sample analysis 34 

shows that different physicochemical processes occur in the groundwater of Ischia Island, where 35 

recharge water, seawater and deep fluids interact and overlap with different intensity. The 36 

calculated saline factor indicates a seawater content of up to 70% in some samples near the coast, 37 

suggesting that seawater intrusion is the main process in these areas. Later data show that seawater 38 

intrusion increases around the coastline with up to 93% seawater content. Finally, data analysis 39 

shows that although a change in chemical composition is observed, no variation in thermal water 40 

temperature is recorded over time. 41 

 42 

Keywords: seawater intrusion; water-rock interaction; thermal waters; Ischia Island 43 
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1. Introduction 44 

Seawater intrusion (i.e., the landward incursion of seawater) is a widely recognized process 45 

in coastal aquifers and islands (Custodio, 2010) and is usually caused by several factors, such as 46 

prolonged changes in coastal groundwater levels, climate variations or sea-level fluctuations, 47 

among others (Werner et al., 2013). In many coastal hydrogeological settings, seawater intrusion 48 

occurs normally due to overexploitation of freshwater resources. As a result, the lowering of the 49 

water table level allows the sea water intrusion that progressively causes the salinization of the 50 

aquifer, which may become inappropriate for drinking and agricultural use. Groundwater 51 

salinization induced by seawater intrusion is generally regarded to be practically irreversible and 52 

leads to the complete degradation of freshwater reservoirs. During the last decades, considerable 53 

research efforts have been performed, in economically developed regions, to improve the 54 

knowledge about seawater intrusion occurrence and timing (Russak and Sivan, 2010; Ferguson and 55 

Gleeson, 2012; Werner et al., 2013; Lu and Werner, 2013). 56 

Coastal aquifers provide a water source for more than one billion people in the world living 57 

in coastal regions (Small & Nicholls, 2003). The population growth in most of the coastal areas 58 

and the increase of water demand make seawater intrusion a global threat.   59 

Ischia Island is an active volcano located in southern Italy, hosting a geothermal system. 60 

The groundwater system of Ischia consists of several permeable aquifers, interbedded with low-61 

permeability levels (Celico et al., 1999). In natural conditions, the Ischia’s aquifers are recharged 62 

by rainfall with a variable contribution of deep hydrothermal fluids (Di Napoli et al., 2009; Piscopo 63 

et al., 2020). Due to this interplay, many thermal springs are present on the island. 64 

The thermal waters were known and used from the Roman age, but during the last thirty 65 

years the growing spas-related touristic activity, representing the main economic income of the 66 

island, encouraged the drilling of pumping wells to obtain a constant thermal water flow rate. 67 
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Nowadays, more than 200 spas are operating at Ischia Island, most of them located near the coast. 68 

As a consequence of the intensive groundwater pumping, it is known that seawater intrusion is 69 

present in the volcanic rock aquifer of the island (Corniello et al., 1994). The hydrogeological 70 

setting of Ischia Island is complex due to geological and structural factors, as well as human 71 

activities that have deeply changed the groundwater flow circulation. Ischia Island is characterized 72 

by the main groundwater body lying above sea level and in natural conditions groundwater flows 73 

towards the sea (Celico et al., 1999; Ducci and Sellerino, 2012). 74 

Numerous studies have been focused on the hydrothermal system of the island, focusing on 75 

thermal fluids composition and origin, providing important information for geothermal energy 76 

exploration and volcanic risk assessment. These studies allowed refining knowledge on 77 

hydrothermal fluid circulation (De Gennaro et al., 1984; Panichi et al., 1992; Caliro et al., 1999; 78 

Celico et al., 1999a; Inguaggiato et al., 2000; Lima et al., 2003; Chiodini et al., 2004; Daniele, 79 

2004; Milano et al., 2004; Aiuppa et al., 2006; Morell et al., 2008; Di Napoli et al., 2009; 2011; 80 

2013; Carlino et al., 2012; 2015).  81 

On the other hand, the groundwater system, presenting a wide range of chemical 82 

compositions (from calcium-bicarbonate to alkali-chloride waters), has been previously explained 83 

by a mixing process among meteoric water, seawater and deep geothermal fluids (De Gennaro et 84 

al. 1984; Panichi et al. 1992; Aiuppa et al. 2006; Di Napoli et al. 2009). Despite these fundamental 85 

advances, the hydrogeochemical processes governing the groundwater composition and the 86 

magnitude and extension of the saline intrusion process in the island are still unknown. (Corniello 87 

et al., 1994; Di Napoli et al., 2009; Piscopo et al., 2020). 88 

The main goals of this paper are: a) to assess the hydrogeochemical processes, as water-89 

rock interaction and deep fluids input in the Ischia groundwater; and b) to estimate the extension 90 

and magnitude of saltwater contribution in the Ischia aquifer system. 91 
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The results of this study provide critical information for programming upcoming 92 

sustainable management strategies for Ischia water resources and represent essential knowledge 93 

for future groundwater studies and environmental decisions. Furthermore, considering the growing 94 

interest in geothermal energy exploitation in the island, improving the aquifer comprehension and 95 

its physicochemical processes, acquires particular relevance in this social and hydrogeological 96 

context. 97 

 98 

2. The study area  99 

Ischia Island is the westernmost active volcanic complex of the Campania region and 100 

belongs to the Phlegrean volcanic district of Southern Italy (Fig. 1) (Carlino et al., 2012; Troise et 101 

al., 2019). The local geology is composed of landslide deposits, marine sediments and volcanic 102 

rocks, represented by alkali-trachytes, trachybasalt, latites and phonolites, reflecting a complicated 103 

sequence of alternating constructive and destructive volcano-tectonic, erosion and sedimentation 104 

phases (Vezzoli, 1988; Orsi et al., 1991; Tibaldi and Vezzoli, 1997). Although the island (~45 k     105 

m2) is dominated by the structural block of Mount Epomeo (786 m a.s.l.), several volcanic 106 

structures are still present, such as the rim of a caldera (~55 ka BP), partially recognizable (Carlino 107 

et al., 2014). Ischia is an active volcano, indicated by the occurring of historical eruptions (Vezzoli, 108 

1988), intense and diffuse hydrothermal features (Chiodini et al., 2004), and seismic activity 109 

(Luongo et al., 1987; De Natale et al., 2019, Nappi et al., 2021). Ischia volcanic historical activity 110 

dates approximately 150 ka BP and it is characterized by lava domes and hydromagmatic eruptions. 111 

The largest-scale volcanic event is the alkali-trachytic ignimbrite eruption of Mt. Epomeo Green 112 

Tuff (MEGT), which caused the caldera collapse (~55 ka BP) that partially destroyed the previous 113 

eruptive history of the island and marks the transition between volcanic cycle phases (Vezzoli, 114 

1988; Orsi et al., 1991; Tibaldi and Vezzoli, 1998). The volcanic cycle of the island consists in two 115 
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phases, the first one mainly characterized by pyroclastic activity and the second one by a lava dome 116 

emplacement (Carlino et al., 2006). During the second cycle, because of the caldera collapse, 117 

several phreatomagmatic eruptions and strong pyroclastic activity filled the caldera with ignimbrite 118 

deposits that in turns favored the sea intrusion in the central part of the present island (Vezzoli, 119 

1988). Carlino et al. (2006) proposed that a laccolith (10 km large and up to 1 km deep) in the 120 

center of the island triggered the caldera resurgence (~33 ka BP) after the Mount Epomeo Green 121 

Tuff (MEGT) eruption. The tectonic deformation cutting the oldest volcanic rock, part of the 122 

seismic activity and the widespread landslides have been associated with the Mt. Epomeo block 123 

uplift (Tibaldi and Vezzoli, 1997; Tibaldi and Vezzoli, 1998; Tibaldi and Vezzoli, 2004; Chiocci 124 

and de Alteriis, 2006; Capuano et al., 2015), resulting in the horst of Mt. Epomeo, in the central 125 

part of the island, while the east side is dominated by a graben structure. The uplift of Mt. Epomeo 126 

has also been explained by different mechanical and geophysical models, most of them involving 127 

a shallow magma body as the source of deformation, together with local tectonics, high geothermal 128 

gradients and volcanism (Vezzoli, 1988; Fusi et al., 1990; Orsi et al., 1991; Acocella et al., 1997; 129 

Cubellis and Luongo, 1998; Acocella and Funiciello, 1999; Molin et al., 2003; Tibaldi and Vezzoli, 130 

2004; Carlino et al., 2006; Carlino, 2012). De Martino et al. (2011) and Del Gaudio et al. (2011) 131 

reported present-day subsidence, especially in the areas with active landsliding and faulting 132 

(Manzo et al., 2006). 133 

The geothermal system of Ischia has been the subject of several investigations. De Gennaro 134 

et al. (1984) proposed a geothermal model where the deep source of fluids is represented by a large 135 

magmatic body located at a depth greater than 3000 m and with a temperature over 200 °C. 136 

Carapezza et al. (1988) suggested the existence of two intermediate magmatic systems, and Panichi 137 

et al. (1992) estimated the temperature of the magmatic reservoir in the range of 160–240 °C. 138 

Inguaggiato et al. (2000) concluded the existence of a magmatic reservoir   liquid dominated at 280 139 
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°C, supported by carbon isotope data. However, the authors do not discard the possibility of the 140 

existence of a second magma body (more than 4 km deep), as suggested by Tedesco (1996). 141 

Recently, Di Napoli et al. (2009; 2011), based on studies from integrated geophysical (electrical 142 

resistivity) and geochemical properties (CO2, TDS in thermal springs) infer that the circulation of 143 

the hydrothermal fluids, in the south-west of the island, takes place within two overlapped and 144 

different geothermal reservoirs. These reservoirs are localized at a depth of ~200 and ~1000 m with 145 

temperatures of ~150 ºC and ~270 ºC, respectively, and are connected through fractures generated 146 

by the resurgence. Carlino et al. (2014) made a critical review of the geothermal system of Ischia 147 

Island and concluded that the geothermal system is vapor dominated and related to the intrusion of 148 

a shallow magma body, occurred after the MEGT eruption (55 ka BP), whose top is migrated up 149 

to about 2 km depth. Carlino et al. (2014) proposed that the two shallow geothermal reservoirs may 150 

be geologically separated. The first one is supposed to be located in the western sector at depths 151 

between 150 m to at least 600 m, with a temperature ranging between 150 °C and 200 °C, and 152 

pressure of about 4 MPa (40 bar). The second, deeper reservoir is hypothesized to be at depth >900 153 

m, with a temperature between 270 to 300 °C and pressure of 9 MPa (90 bar). All the authors agree 154 

that the geothermal system of Ischia is fed by meteoric water, seawater and hydrothermal fluids.  155 

The hydrogeological setting of Ischia Island is highly complex due to both geological and 156 

structural features, and human activities that have deeply changed the territory and influenced the 157 

groundwater flow circulation. The groundwater system of Ischia consists of several permeable 158 

horizons (fracturation and/or porosity), interbedded with low-permeability levels (Celico et al., 159 

1999). This composite system reflects the contrasting lithologies and geometries of the volcanic 160 

deposits, the pervasive hydrothermal circulation with the consequent self-sealing processes, and 161 

the complex volcano-tectonic and gravitational events that occurred over time (Celico et al. 1999; 162 

Di Napoli et al., 2009). Ischia Island is characterized by the main groundwater body lying above 163 
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sea level and in natural conditions groundwater flows towards the sea (Celico et al., 1999; Ducci 164 

and Sellerino, 2012). 165 

According to Celico et al. (1999) and Carlino et al. (2014), two different hydraulic areas 166 

can be identified (Fig. 2): the first one is the graben in the northeast of the island, which is highly 167 

transmissive and can be pictured as a single aquifer fed by meteoric waters and seawater ingression; 168 

the other area is Mount Epomeo and its border zone, which is intensively fractured and consists of 169 

very heterogeneous materials forming complex geometries that mainly affects the vertical 170 

component of groundwater flow. The hydrogeology reflects the complex tectonics and lithology 171 

settings and suggests the presence of a multilayer aquifer (Celico et al., 1999). 172 

Variations in the chemical composition and temperature of the groundwater are related to 173 

the complex hydrogeological setting. Groundwater circulating in the shallow aquifer has 174 

temperatures up to boiling, and ranges in composition from diluted bicarbonate waters to more 175 

saline and chlorine-rich waters, interpreted as evidence of dual (meteoric and seawater) recharge 176 

to the aquifer (Panichi et al., 1992; Inguaggiato et al., 2000; Aiuppa et al., 2006; Di Napoli et al., 177 

2009; Di Napoli et al., 2013). There are also several fresh springs in the higher and inner part of 178 

the island and their discharge is usually 1-3 l/s (Celico et al., 1999; Carlino et al., 2014).  179 

 180 

3. Materials and Methods 181 

A total of 69 samples, retrieved from 56 boreholes less than 100 m deep, 11 thermal springs 182 

and 2 cold springs, were collected during the period 1999 – 2000 (Fig. 2). It is important to remark 183 

that some of the data used in this paper have been already published in previous works (Lima et 184 

al., 2003; Daniele, 2004). The wells were pumped for at least 30 min before the samples were taken 185 

and electrical conductivity, pH, and water temperature were measured in situ. The samples were 186 

filtered using 0.45 µm Millipore® membranes in double-capped, polyethene bottles of 100 ml 187 
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volume and stored at 4°C. Samples for cations and trace elements analysis were also acidified to 188 

1% with pure nitric acid. The analytical procedure is detailed in previously published works (Lima 189 

et al., 2003; Daniele, 2004). The samples labelled as SW and FW represent the end-members for 190 

seawater and freshwater, respectively and are used to calculate the saline factor in each 191 

groundwater sample. The SW sample proceeds from Morell et al., 2008, FW is a low-chlorine 192 

water sample, selected among the 2001 cold temperature samples and presenting the lowest EC.  193 

Table 1 summarizes the ionic composition of the sampled waters. The following variables 194 

were considered in this work: Cl, Na, K, Ca, Mg, Br, Si, B, Sr, Li, Mo, W, T°, E.C. and pH.  195 

The seawater content (fsea) for each sample was calculated using the ionic deviation from 196 

a conservative seawater–freshwater mixture, assuming Cl to be a conservative tracer: 197 

 198 

fsea = ( CCl,sample- CCl,f)/( CCl,sea- CCl,f) x100                                                           (1) 199 

 200 

where CCl, sample represents the Cl concentration of the sample, CCl,f  the freshwater Cl 201 

concentration and CCl,sea the seawater Cl concentration. These values were compared with seawater 202 

fraction for the period 2002-2007, fsea (2002- 2007), calculated using the water chemistry data 203 

published by Di Napoli et al. (2009). 204 

The statistical analyses used in this study are multivariate methods, which provide several 205 

venues for exploratory assessment of water quality data sets. Water chemistry is subject to complex 206 

interactions, whose impacts may be impossible to isolate and to study individually. 207 

In this study, using the IBM SPSS Statistics Software V26 we performed the factorial 208 

analysis (FA), over the same database of water chemical analysis. FA is a useful method, largely 209 

used in hydrogeological studies (Moeck et al., 2016; Negri et al., 2018; Taucare et al., 2020; Daniele 210 

et al., 2013, 2020). Factors were extracted from the correlation matrix of the variables using the 211 
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Principal Component Analysis (PCA) method. The selected factors have eigenvalues higher than 212 

one and were subsequently rotated orthogonally using the quartimax method to minimize the 213 

number of factors needed to explain each variable. The variable weights in each factor are relevant 214 

if it is >0.50. The variance of the geochemical variables has been determined by the KMO test 215 

(Kayser, 1960) whose value of 0.81 ensures the quality of the FA in this study. In addition, this 216 

method also allows us to calculate the factor score, which represents the intensity of the factor on 217 

each sample. 218 

 219 

4. Results and Discussion 220 

Ischia groundwaters present a wide range of physicochemical parameters that vary from 221 

diluted cold waters (e.g., #44 and #69) to highly saline boiling waters (e.g., #48). Water temperature 222 

ranges between 11.0 °C and 99.5 °C, with the highest values registered in the western part of the 223 

island (Fig. 3), and pH values vary from slightly acidic to alkaline values, between 4.3 to 8.8. 224 

Electrical conductivity varies from 1.3 mS/cm to 52.7 mS/cm, with the minimum value recorded 225 

in cold spring (#44) in the south part of the island and far from the coastline, and the maximum 226 

value measured in a high-temperature spring (#48), 100 m far from the coast. Despite that, a linear 227 

correlation between T and EC is absent. In general, more saline samples are located close to the 228 

coastline (Fig. 3).  229 

The chemical composition of water samples is largely dominated by Cl and Na, followed 230 

in decreasing order by K, Mg, Ca, Br, B, Sr, Li and W. Chloride shows a poor correlation with 231 

temperature and its maximum concentrations are located along the coastal areas (Fig. 4a and b). Cl 232 

contents are mainly related to seawater contribution to the Ischia groundwater system, in agreement 233 

with Di Napoli et al., (2012). Figure 5 shows binary plots of major and minor ions versus Cl. The 234 

positive correlations of Na, K, Br and B with Cl (Figs. 5a, b, e), lying on the theoretical FW-SW 235 
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mixing line, suggest a common origin for these chemical species, mainly related to seawater 236 

intrusion. The B concentration of the SW sample      is slightly higher than mean values in seawater 237 

(4.5 mg/l; Morell et al., 2008), but this value agrees with the average value of 5.1 mg/l calculated 238 

by Gofiantini et al. (2003) for the Mediterranean Sea. The Sr contents of the seawater sample (4.8 239 

mg/l), already published in Morell et al. (2008), is lower than Sr concentrations measured in the 240 

Mediterranean Sea (8.4 mg/l; Daniele et al., 2011). The FW sample presents relatively high Sr, Ca 241 

and Mg values of 0.57 mg/l, 86 mg/l and 16.8 mg/l. Strontium follows a similar trend of Mg and 242 

Ca and presents positive correlation with Cl (fig. 5c, d, h), according to a Sr, Ca and Mg origin 243 

mainly related to carbonate dissolution and water-rock interaction (Musgrove, 2021). On the other 244 

hand, Li (Figs. 5f, g,) presenting a poor correlation with Cl, diverges from the theoretical mixing 245 

curve, showing values higher than the SW end-member, and suggest an origin for Li that could be 246 

related to the mixing between FW and a hydrothermal endmember (Aiuppa et al., 2006; Morell et 247 

al., 2008).  248 

 249 

4.1 Seawater intrusion 250 

To quantify the seawater contribution in the chemical composition of each sample, the 251 

seawater fraction (fsea) was calculated. This method is considered valid, since Cl is a conservative 252 

tracer, and his concentration in Ischia waters is mainly due to marine origin (Di Napoli et al., 2012), 253 

mostly related to seawater intrusion and subordinate marine aerosol. The calculated values range 254 

from <1% to 70%, with most of them being <10%. The spatial distribution (Fig. 6a) shows high 255 

values (>10% wt) toward the coast, with particularly high values (>60% wt) along the western 256 

portion of the island (Lacco, Citara, St. Angelo), indicating the presence of water of marine origin. 257 

Towards the central part of the island the values are generally lower than 2%, indicating that the 258 

phenomenon of seawater intrusion is almost absent. In Lacco and Citara, the high variability of 259 
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fsea values in sampled wells suggests a complex hydrogeological setting, where the aquifer may 260 

be controlled by an irregular fracture network, forming overlapped aquifer (multilayer) or perched 261 

aquifer (impermeable layer) that can exert a strong control on the seawater intrusion. 262 

Figure 6b and c shows the fsea values calculated with water samples collected between 263 

2002-2007, based on the work of Di Napoli et al. (2009). To have a direct comparison, in Figure 264 

6b, the fsea was calculated with the samples from Di Napoli et al. (2009) collected in the same 265 

wells of the present work. In Figure 6c, we calculated the fsea with all the samples from Di Napoli 266 

et al. (2009). Comparing the time variation of the seawater intrusion, calculations indicate an 267 

increase all along the coast, with fsea values up to 93%, while lower values are maintained towards 268 

the center of the island, indicating that the saline intrusion has not extended inland during about 10 269 

years. The increasing over pumping in wells near the coastline, where most of the spas and thermal 270 

wells are located, has enhanced the saltwater intrusion in the island. On the other hand, the aquifer 271 

geometry controlled by the fault-fracture meshes, and maybe the intense withdrawal near the 272 

coastline have limited the intrusion to the coastal areas, preventing the saltwater from reaching the 273 

inner part of the island. The input of cold seawater has not generated any changes in water 274 

temperatures as shown in Figure 6, where our data are compared with data from Di Napoli et al. 275 

(2009), indicating a thermal system highly active. 276 

 277 

4.2 Factorial Analysis 278 

The use of the multivariate geostatistical methods is common in hydrogeochemical studies 279 

(Join et al., 1997; Meng and Maynard, 2001; Swanson et al., 2001; Cruz et al., 2006; Daniele et al., 280 

2008), being a reliable tool to unravel the relationship among the whole group of variables. This 281 

helps to obtain a more complete hydrogeochemical interpretation of the controlling processes or 282 

the origin of the single variables. The Factorial Analysis (FA) is a statistical method used to underlie 283 
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the interrelationship between the variables and to infer the geochemical processes controlling the 284 

water chemistry.   285 

A total of three principal factors were extracted (Figure 7), with eigenvalues greater than 1, 286 

explaining 84% of the total variance. Variables with loadings near to 1 form the factor, while near 287 

to 0 they don’t form the factor.  288 

Factor 1 (F1) accounts for 52% of the total variance, being the most relevant factor in the 289 

composition of these waters. It has positive loading values for Cl, Na, K, Mg, Ca, Br, Sr, with 290 

moderate positive loadings for B and Li. These variables, responsible for the major percentage of 291 

the observed chemistry, can be associated with the seawater intrusion process (Daniele, 2007; 292 

Daniele et al., 2008; Panda et al., 2006; Morell et al., 2008).  293 

Factor 2 (F2) accounts for 18% of the total variance and shows positive loadings for T° (C), 294 

Si, Mo and W. Silica, Mo and W are usually related to either uptake by secondary minerals or non-295 

stoichiometric dissolution of primary rocks. Their alteration minerals have not been identified in 296 

the geothermal surface environments in Ischia, but Mo and W have been found associated with 297 

sulfides and (hydr)oxides elsewhere, in wells scales and subsurface alteration (Kaasalainen and 298 

Stefánsson, 2012). The processes influencing the geochemistry of Mo and W in geothermal waters 299 

can be related to water-rock interaction and mixing between condensed steam and non-thermal 300 

surface waters. 301 

Factor 3 (F3) accounts for 14% of the total variance and shows positive loading for Li, B 302 

and K. Boron is considered to be a highly mobile element and a good indicator of rock leaching in 303 

geothermal waters (Arnórsson and Andrésdóttir, 1995). Also, B may be transported by ascending 304 

steam (Morell et al., 2008; Kaasalainen and Stefánsson, 2012) and the B enrichment in geothermal 305 

waters may be the result of its close proximity to the magmatic source and the absorption of 306 

magmatic vapors rich in B in non-thermal surface waters (Kaasalainen and Stefánsson, 2012; 307 
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Wrage et al., 2017 and references therein). Lithium and K are dominated by water-rock interaction 308 

processes and to a lesser extent to mixing between condensed steam and non-thermal surface waters 309 

(Markússon and Stefánsson, 2011; Kaasalainen and Stefánsson, 2012). Aqueous concentrations of 310 

these elements are controlled by the equilibrium of thermal waters with aluminum silicates such as 311 

K-feldspar, zeolites and clays (Stefánsson and Arnórsson, 2000). Pure alkali minerals are not 312 

common, but these elements are more commonly incorporated into major secondary minerals like 313 

clays, zeolites, and feldspar as well as Li into quartz (Goguel, 1983). 314 

Also, B, Li and K may have a marine origin and are considered a tracer for seawater 315 

intrusion assessment (Sanchez-Martos et al., 1999). The variables present similar loadings in F1 316 

and F3, suggesting that both seawater and hydrothermal contribution may be reasonable for K, B 317 

and Li in Ischia waters. 318 

According to our interpretation, samples with high saline factors have positive F1 values, 319 

suggesting that seawater intrusion is the main hydrogeochemical process. Nevertheless, some of 320 

these samples also show positive factor scoring for F2 and F3, indicating the existence and 321 

superposition of different geochemical processes in the analyzed samples. Samples #43, #64 and 322 

#65 show a highly positive factor scoring for F3, and for F1, indicating superposition of processes 323 

for these samples. 324 

Other samples show negative F1 values, indicating low or no seawater influence. These 325 

samples present positive factor scoring for F2, indicating a hydrothermal influence from the active 326 

geothermal reservoir. Finally, we obtained the spatial distribution of the factor scoring of each 327 

sample, using the inverse weighted distance interpolation. The method assumes that each measured 328 

value has local influences diminishing with the distance. The absence of data in the central and 329 

southeast parts of the island must be considered in the obtained spatial distribution. The distribution 330 

maps represent a synthesis of the physicochemical processes identified at the Ischia Island 331 
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geothermal system. 332 

The F1 spatial distribution (Figure 7a), associated with the seawater intrusion process, 333 

presented positive scoring along the coastline (north, center and south) of the western Ischia sector 334 

and the north-east coastline, with the highest value in the western area. Towards inland, and in the 335 

south-east (Forio), F1 presents negative scores, according to the fact that seawater intrusion moves 336 

from the coast toward inland, with a limited extension. The spatial distribution of F2 (Figure 7b), 337 

associated with the hydrothermal water-rock interaction and mixing of deep geothermal fluids with 338 

meteoric recharge, presents positive scoring from Mt. Epomeo towards the north (Casamicciola) 339 

and south-west (south Citara and St. Angelo), far from the coast, associated with fracture systems 340 

and the deepest faults delimiting Mt. Epomeo. The F3 spatial distributions (Figure 7c), associated 341 

with superposition of processes, show a high intensity at the coastal fracture system at north-west 342 

(Lacco), where the deep fluids rise (enhancing water volcanic/saline rock interaction) and mix with 343 

superficial recharge waters, meteoric and seawater. This location also presents a high intensity for 344 

F1, corroborating the superposition of processes in that zone. Forio coastal area shows negative 345 

scoring for all factors, indicating that these waters have not been significantly affected by the 346 

processes just mentioned, due to scarce hydraulic connection, or waters just infiltrated, hosted in 347 

perched or small confined aquifers. 348 

 349 

5. Conclusions 350 

The Ischia hydrothermal system is characterized by a great complexity in its geometry, fluid 351 

circulation and hydrogeochemical processes which is reflected in the vast physicochemical 352 

heterogeneity of the waters. The low correlation between Cl and temperature indicates that the Cl 353 

origin is mainly related to seawater. Also, its spatial distribution shows higher concentrations 354 

towards coastal zones diminishing towards inland, being the marine source (seawater intrusion) the 355 
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most likely origin. Considering a conservative mixture between FW and SW, most of the ionic 356 

concentrations deviate from this theoretical mix line, showing enrichment in B, Li and depletion 357 

in Mg, Ca and Sr due to ionic exchange processes, water-rock interaction and mixing with deep 358 

hydrothermal fluids. The water-rock interaction process is enhanced by the high temperature of the 359 

system that allows the dissolution of volcanic rock minerals and the precipitation of secondary 360 

minerals, such as calcite and other carbonates.  361 

The statistical and geostatistical methods used allowed us to identify different 362 

hydrogeochemical processes in the Ischia groundwater. Seawater intrusion, for the first time 363 

quantified in the Ischia groundwaters by this study, water-rock interaction, and deep fluid mixing 364 

processes are present. The calculated saline factor rises to 69.6% in samples collected near the 365 

coastline. Results indicate that the determined processes act with different intensity and are 366 

superimposed in most of the analyzed waters, with clear spatial distribution. Each sample presents 367 

a dominant process, and we assess three main water types based on identified hydrogeochemical 368 

processes.  369 

The Ischia groundwater system is fed by meteoric recharge and the water samples with 370 

neutral pH, low E.C, temperature, and saline factor, with low or no interaction with the 371 

hydrothermal system and seawater intrusion can be considered as FW proceeding from this process.  372 

Waters with low to moderate salinity, with Cl content less than 2000 mg/l, Br lower than 373 

11,47 mg/l and lower Ca and Mg concentrations, show B and Li content and higher concentrations 374 

of Si, Mo and W compared with the rest of the samples. Their temperature ranges widely from 375 

15,8°C to 77,4°C. The dominant processes in these samples are the hydrothermal water-rock 376 

interaction and the mixing of deep-seated fluids. 377 

Finally, the last water type is formed by samples with high Cl > 15733 mg/l and Br [17,3 – 378 

90,9 mg/l] content, but with the lowest concentrations of Si, Mo and W. The temperature is 379 
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generally high [43.3 – 99.5°C]. The dominant geochemical process in this group is the seawater 380 

intrusion (i.e., high fsea). 381 

The factorial analysis corroborates these results and suggests that the main physicochemical 382 

process in the analyzed samples is the seawater intrusion.  The F1, which explains most of the data 383 

variability, has been interpreted as the seawater intrusion factor, and positive scores are associated 384 

with the coastal zone samples. The deep fluids and water-rock interaction processes (F2 and F3) 385 

are less responsible for the water chemistry of the Ischia Island. Samples along fractured zones, 386 

associated with lower salinity water (north and south-west zones) show the highest scores of F2 387 

and F3, except for the Punta Caruso-Lacco area. Here seawater and deep fluids overlap in sampled 388 

chemistry water. This distribution of the hydrogeochemical processes reveals a highly complex 389 

hydrogeological scenario, with waters highly different in the composition being collected very 390 

close due to strong control played by fractures and faults. 391 

The complex lithological/structural system indicates that towards the center of the island 392 

the principal groundwater source is the meteoric recharge, which infiltrates to deeper levels where 393 

a mixture with hot fluids occurs. The groundwater flows towards the coast where seawater intrusion 394 

occurs due to boreholes pumping. The water-rock interaction (precipitation/dilution) is enhanced 395 

by high temperature in fractures, and towards the coast where the seawater intrusion promotes the 396 

ionic exchange process.  397 

From a temporal point of view, the samples from Di Napoli et al. (2007) establish that the 398 

seawater intrusion has increased over time all along the coastline reaching values up to 90%. While 399 

low values of fsea continue in the central part of the island. Despite this extra input of cold seawater, 400 

the temperature of the system is stable, at high temperatures, suggesting a very efficient heat 401 

transport in this active geothermal system.  402 

 403 



18 

 

Acknowledgements 404 

This paper is partially funded by Program U-Apoya (N/A1/2014), University of Chile who 405 

granted Dr. Linda Daniele and by project PCI ITAL170012. Additional funding was provided by 406 

project M02761 Ministero Affari Esteri e Cooperazione Internazionale to Renato Somma and by 407 

ANID-FONDAP #15200001/ACE210005 (Centro de Excelencia en Geotermia de los Andes, 408 

CEGA). Finally, we acknowledge chief editor Stefano Albanese for handling the manuscript. An 409 

anonymous reviewer is acknowledged for the helpful comments and suggestions. 410 

 411 

References 412 

Acocella V & Funiciello R (1999) The interaction between regional and local tectonics during 413 

resurgent doming: the case of the island of Ischia, Italy. Journal of Volcanology and 414 

Geothermal Research, 88,109-123. 415 

Acocella V, Funiciello R & Lombardi S (1997) Active tectonics and resurgence at Ischia Island 416 

(Southern Italy). Il Quaternario, 10,427-432. 417 

Aiuppa A, Avino R, Brusca L, Caliro S, Chiodini G, D'Alessandro W, Favara R, Federico C, 418 

Ginevra W, Inguaggiato S, Longo M, Pecoraino G & Valenza M (2006) Mineral control of 419 

arsenic content in thermal waters from volcano-hosted hydrothermal systems: Insights from 420 

island of Ischia and Phlegrean Fields (Campanian Volcanic Province, Italy). Chemical 421 

Geology, 229,313-330. 422 

Arnórsson, S., Andrésdóttir, A., 1995. Processes controlling the distribution of boron and chlorine 423 

in natural waters in Iceland. Geochimica et Cosmochimica Acta 59, 4125–4146. 424 

Bucci A, Naclerio G, Allocca V, Celico P & Celico F (2011) Potential use of microbial community 425 

investigations to analyse hydrothermal systems behaviour: The case of Ischia Island, 426 

Southern Italy. Hydrological Processes, 25,1866-1873. 427 



19 

 

Caliro S, Panichi C & Stanzione D (1999) Variation in the total dissolved carbon isotope 428 

composition of thermal waters of the Island of Ischia (Italy) and its implications for volcanic 429 

surveillance. Journal of Volcanology and Geothermal Research, 90,219-240. 430 

Capuano P, De Matteis R & Russo G (2015) The structural setting of the Ischia Island Caldera 431 

(Italy): first evidence from seismic and gravity data. Bulletin of Volcanology, 77. 432 

Carapezza M, Hauser S, Parello F, Scelsi E, Valenza M, Favara R & Guerrieri S (1988) Preliminary 433 

studies on the geothermal fluids of the island of Ischia: Gas geochemistry. Rend. Soc. Ital. 434 

Mineral. Petrol., 43,967-973. 435 

Carlino S (2012) The process of resurgence for Ischia Island (southern Italy) since 55 ka: The 436 

laccolith model and implications for eruption forecasting. Bulletin of Volcanology, 74,947-437 

961. 438 

Carlino S, Somma R, Troise C, De Natale G (2012) The geothermal exploration of Campanian 439 

volcanoes: historical review and future development. Renew Sust Energ Rev 16(1):1004–440 

1030. 441 

Carlino S, Cubellis E, Luongo G & Obrizzo F (2006) On the mechanics of caldera resurgence of 442 

Ischia Island (southern Italy). In: Geological Society Special Publication, 269, 181-193. 443 

Carlino S, Somma R, Troiano A, Di Giuseppe MG, Troise C & De Natale G (2014) The geothermal 444 

system of Ischia Island (southern Italy): Critical review and sustainability analysis of 445 

geothermal resource for electricity generation. Renewable Energy, 62,177-196. 446 

Carlino S, Somma R, Troiano A, Di Giuseppe MG, Troise C & De Natale G (2015) Geothermal 447 

Investigations of Active Volcanoes: The Example of Ischia Island and Campi Flegrei 448 

Caldera (Southern Italy). In: Engineering Geology for Society and Territory - Volume 1: 449 

Climate Change and Engineering Geology, Springer International Publishing, 369-372. 450 

Celico P, Stanzione D, Esposito L, Formica F, Piscopo V & De Rosa B (1999a) La complessita` 451 



20 

 

idrogeologica di un’area vulcanica attiva:l’isola di Ischia (Napoli-Campania). Boll. Soc. 452 

Geol. Ital, 118,485-504. 453 

Celico P, Stanzione D, Esposito L, Formica F, Piscopo V & De Rosa B (1999b) La complessità 454 

idrogeologica di un'area vulcanica attiva: l'Isola di Ischia (Napoli-Campania). Boll Soc Geol 455 

It, 118,485-504. 456 

Chiocci FL & de Alteriis G (2006) The Ischia debris avalanche: First clear submarine evidence in 457 

the Mediterranean of a volcanic island prehistorical collapse. Terra Nova, 18,202-209. 458 

Chiodini G, Avino R, Brombach T, Caliro S, Cardellini C, De Vita S, Frondini F, Granirei D, 459 

Marotta E & Ventura G (2004) Fumarolic and diffuse soil degassing west of Mount 460 

Epomeo, Ischia, Italy. Journal of Volcanology and Geothermal Research, 133,291-309. 461 

Corniello A, de Riso R, Ducci D & Napolitano P (1994) Salt water intrusion in the Ischia island 462 

(Southern Italy). In: 13th SWIM (Salt Water Intrusion Meeting) (ed. G B) Cagliari, 363-463 

371. 464 

Cruz V.J., Franca Z. (2006) Hydrogeochemistry of thermal and mineral water springs of the Azores 465 

archipelago (Portugal). Journal of Volcanology and Geothermal Research 151 (2006) 382 466 

– 398 467 

Cubellis E & Luongo G (1998) Il Terremoto del 28 Luglio 1883 a Casamicciola nell'Isola d'Ischia 468 

'Il Contesto Fisico',49-123. 469 

Custodio E (2010) Coastal aquifers of Europe: An overview. Hydrogeology Journal, 18,269-280. 470 

Daniele, L., Vallejos, A., & Molina, L. (2008). Geostatistical analysis to identify hydrogeochemical 471 

processes in complex aquifers: a case study (Aguadulce unit, Almeria, SE Spain). Ambio, 472 

37(4), 249-253. 473 

Daniele L (2004) Distribution of arsenic and other minor trace elements in the groundwater of 474 

Ischia Island (southern Italy). Environmental Geology, 46,96-103. 475 



21 

 

 Daniele, L.,Vallejos, Á., Sola F., Corbella, M., Pulido-Bosch A. Hydrogeochemical processes in 476 

the vicinity of a desalination plant (Cabo de Gata, SE Spain). Desalination (2011), 477 

doi:10.1016/j.desal.2011.04.052 478 

Daniele, L., Vallejos, Á., Corbella, M., Molina, L., & Pulido-Bosch, A. (2013). Hydrogeochemistry 479 

and geochemical simulations to assess water-rock interactions in complex carbonate 480 

aquifers: The case of Aguadulce (SE Spain). Applied Geochemistry, 29, 43-54. 481 

Daniele, L., Taucare, M., Viguier, B., Arancibia, G., Aravena, D., Roquer, T., ... & Morata, D. 482 

(2020). Exploring the shallow geothermal resources in the Chilean Southern Volcanic Zone: 483 

Insight from the Liquiñe thermal springs. Journal of Geochemical Exploration, 218, 484 

106611. 485 

De Gennaro M, Ferreri M, Ghiara MR & Stanzione D (1984) Geochemistry of thermal waters on 486 

the island of Ischia (Campania, Italy). Geothermics, 13,361-374. 487 

De Martino P, Tammaro U, Obrizzo F, Sepe V, Brandi G, D’Alessandro A, Dolce M & Pingue F 488 

(2011) La rete GPS dell’isola di Ischia: deformazioni del suolo in un’area vulcanica attiva 489 

(1998–2010). Quaderni di Geofisica ISSN 1590–2595, 95,1-61. 490 

Del Gaudio C, Aquino I, Ricco C, Sepe V & Serio C (2011) Monitoraggio geodetico dell’isola 491 

d’Ischia: risultati della livellazione geometrica di precisione eseguita a Giugno 2010. 492 

Quaderni di Geofisica ISSN 1590–2595, 87,1-20. 493 

De Natale G., Petrazzuoli S., Troise C Romanelli F., Vaccari F., Renato Somma R., Antonella 494 

Peresan A., Panza G. (2019)  Seismic risk mitigation at Ischia island (Naples, Southern 495 

Italy): an innovative approach to mitigate catastrophic scenarios. ENGEO_2019_325_R3 496 

Di Napoli R, Aiuppa A, Bellomo S, Brusca L, D'Alessandro W, Candela EG, Longo M, Pecoraino 497 

G & Valenza M (2009) A model for Ischia hydrothermal system: Evidences from the 498 

chemistry of thermal groundwaters. Journal of Volcanology and Geothermal Research, 499 



22 

 

186,133-159. 500 

Di Napoli R, Federico C, Aiuppa A, D'Antonio M & Valenza M (2013) Quantitative models of 501 

hydrothermal fluid-mineral reaction: The Ischia case. Geochimica et Cosmochimica Acta, 502 

105,108-129. 503 

Di Napoli R, Martorana R, Orsi G, Aiuppa A, Camarda M, De Gregorio S, Gagliano Candela E, 504 

Luzio D, Messina N, Pecoraino G, Bitetto M, De Vita S & Valenza M (2011) The structure 505 

of a hydrothermal system from an integrated geochemical, geophysical, and geological 506 

approach: The Ischia Island case study. Geochemistry, Geophysics, Geosystems, 12. 507 

Ducci D & Sellerino M (2012) Natural background levels for some ions in groundwater of the 508 

Campania region (southern Italy). Environmental Earth Sciences, 67,683-693. 509 

Ferguson G., Gleeson T. (2012) Vulnerability of coastal aquifers to groundwater use and climate 510 

change. Nature Climate Change 2, May 2012. 511 

Fusi N, Tibaldi A & Vezzoli L (1990) Vulcanismo, risorgenza calderica e relazioni con la tettonica 512 

regionale nell'isola d'Ischia. Memorie Della Società Geologica Italiana, 45,971-980. 513 

Goguel, R., 1983. The rare alkalies in hydrothermal alteration at Wairakei and Broadlands, 514 

geothermal fields, N.Z. Geochimica et Cosmochimica Acta 47, 429–437. 515 

Gonfiantini, et al. 2003. Intercomparison of boron isotope and concentration measurement. Part II: 516 

Evaluation of results. Geostandards Newsletter 27: 41–57. 517 

Inguaggiato S, Pecoraino G & D'Amore F (2000) Chemical and isotopical characterisation of fluid 518 

manifestations of Ischia Island (Italy). Journal of Volcanology and Geothermal Research, 519 

99,151-178. 520 

Kaasalainen, H., Stefansson, A., 2012. The chemistry of trace elements in surface geothermal 521 

waters and steam, Iceland. Chem. Geol. 330-331, 60–85. 522 

Kaiser, H. F. (1960). The application of electronic computers to factor analysis. Educational & 523 



23 

 

Psychological Measurement, 20, 141 - 151. 524 

Lima A, Cicchella D & Di Francia S (2003) Natural contribution of harmful elements in thermal 525 

groundwaters of Ischia Island (southern Italy). Environmental Geology, 43,930-940.  526 

Lu, C., and A. D. Werner (2013), Timescales of seawater intrusion and retreat, Adv. Water Res., 59, 527 

39–51, doi:10.1016/j.advwatres.2013.05.005. 528 

Luongo G, Cubellis E & Obrizzo F (1987) Ischia Storia Di Un'isola Vulcanica. 529 

Join, J.-L., Coudray, J., Longworth, K. (1997) Using principal components analysis and Na/Cl 530 

ratios to trace groundwater circulation in a volcanic island: the example of Reunion. 531 

Journalof Hydrology 190, 1 – 18. 532 

Manzo M, Ricciardi GP, Casu F, Ventura G, Zeni G, Borgström S, Berardino P, Del Gaudio C & 533 

Lanari R (2006) Surface deformation analysis in the Ischia Island (Italy) based on 534 

spaceborne radar interferometry. Journal of Volcanology and Geothermal Research, 535 

151,399-416. 536 

Markússon, S.H., Stefánsson, A., 2011. Geothermal surface alteration of basalts, Krýsuvík Iceland 537 

– alteration mineralogy, water chemistry and the effects of acid supply on the alteration 538 

process. Journal of Volcanology and Geothermal Research 206, 46–59. 539 

Meng, S.X., Maynard, J.B., 2001. Use of statistical analysis to formulate conceptual models of 540 

geochemical behavior: water chemical data from the Botucatu aquifer in Sa˜o Paulo state, 541 

Brazil. Journal of Hydrology 250, 78 – 97. 542 

Milano G, Petrazzuoli S & Ventura G (2004) Effects of hydrothermal circulation on the strain field 543 

of the Campanian Plain (southern Italy). Terra Nova, 16,205-209. 544 

Molin P, Acocella V & Funiciello R (2003) Structural, seismic and hydrothermal features at the 545 

border of an active intermittent resurgent block: Ischia Island (Italy). Journal of 546 

Volcanology and Geothermal Research, 121,65-81. 547 



24 

 

Morell I, Pulido-Bosch A, Daniele L & Cruz JV (2008) Chemical and isotopic assessment in 548 

volcanic thermal waters: Cases of Ischia (Italy) and São Miguel (Azores, Portugal). 549 

Hydrological Processes, 22,4386-4399. 550 

MaryLynn Musgrove (2021) The occurrence and distribution of strontium in U.S. groundwater. 551 

Applied Geochemistry 126 (2021) 104867. 552 

Nappi, R., Porfido, S., Paganini, E., Vezzoli, L., Ferrario, M.F., Gaudiosi, G., Alessio, G., Michetti, 553 

A.M. (2021) The 2017, MD = 4.0, Casamicciola Earthquake: ESI-07 Scale Evaluation and 554 

Implications for the Source Model. Geosciences , 11, 44.  555 

Negri, A., Daniele, L., Aravena, D., Muñoz, M., Delgado, A., & Morata, D. (2018). Decoding fjord 556 

water contribution and geochemical processes in the Aysen thermal springs (Southern 557 

Patagonia, Chile). Journal of Geochemical Exploration, 185, 1-13. 558 

Orsi G, Gallo G & Zanchi A (1991) Simple-shearing block resurgence in caldera depressions. A 559 

model from Pantelleria and Ischia. Journal of Volcanology and Geothermal Research, 47,1-560 

11. 561 

Panda, U. C., Sundaray, S. K., Rath, P., Nayak, B. B., & Bhatta, D. (2006). Application of factor 562 

and cluster analysis for characterization of river and estuarine water systems–A case study: 563 

Mahanadi River (India). Journal of Hydrology, 331, 434-445. 564 

Panichi C, Bolognesi L, Ghiara MR, Noto P & Stanzione D (1992) Geothermal assessment of the 565 

island of Ischia (southern Italy) from isotopic and chemical composition of the delivered 566 

fluids. Journal of Volcanology and Geothermal Research, 49,329-348. 567 

Piscopo, V.; Formica, F.; Lana, L.; Lotti, F.; Pianese, L.; Trifuoggi, M. Relationship Between 568 

Aquifer Pumping Response and Quality of Water Extracted from Wells in an Active 569 

Hydrothermal System: The Case of the Island of Ischia (Southern Italy). Water 2020, 12, 570 

2576.  571 



25 

 

Russak A, Sivan O. (2010) Hydrogeochemical tool to identify salinization or freshening of coastal 572 

aquifers determined from combined field work, experiments, and modelling. Environ Sci 573 

Technol, 44: 4096–102. 574 

Sanchez-Martos F, Pulido-Bosch A, Calaforra-Chordi JM. (1999) Hydrogeochemical processes in 575 

an arid region of Europe. Almeria, SE Spain. Appl Geochem, 14: 735-745. 576 

Small C., Nicholls R.J. (2003) A global analysis of human settlement in coastal zones. Journal of 577 

Coastal Research 19, 584-599. 578 

Stefánsson, A., Arnórsson, S., 2000. Feldspar saturation state in natural waters. Geochimica et 579 

Cosmochimica Acta 64, 2567–2584. 580 

Swanson, S., Bahr, J.M., Schwar, M.T., Potter, K.W., 2001. Two-way cluster analysis of 581 

geochemical data to constrain spring source waters. Chemical Geology 179, 73 – 91. 582 

Taucare, M., Viguier, B., Daniele, L., Heuser, G., Arancibia, G., & Leonardi, V. (2020). 583 

Connectivity of fractures and groundwater flows analyses into the Western Andean Front 584 

by means of a topological approach (Aconcagua Basin, Central Chile). Hydrogeology 585 

Journal. 586 

Tedesco D (1996) Chemical and isotopic investigations of fumarolic gases from Ischia island 587 

(southern Italy): Evidences of magmatic and crustal contribution. Journal of Volcanology 588 

and Geothermal Research, 74,233-242. 589 

Tibaldi A & Vezzoli L (1997) Intermittenza e struttura della caldera risorgente attiva dell'isola 590 

d'Ischia. Il Quaternario. J. Quat. Sci., 10,465-470. 591 

Tibaldi A & Vezzoli L (1998) The space problem of caldera resurgence: an example from Ischia 592 

Island, Italy. Geologische Rundschau, 87,53-66. 593 

Tibaldi A & Vezzoli L (2004) A new type of volcano flank failure: the resurgent caldera sector 594 

collapse. Ischia. 595 



26 

 

Troise C., De Natale G., Schiavone R., Somma R., Moretti R. (2019) The Campi Flegrei caldera 596 

unrest: Discriminating magma intrusions from hydrothermal effects and implications for 597 

possible evolution Earth Science Reviews, 188, 108-122 598 

doi.org/10.1016/j.earscirev.2018.11.007 599 

Vezzoli L (1988) Island of Ischia. Quaderni della ricerca Scientifica, 114,100. 600 

Werner A.D., Bakker M., Post V.E.A., Vandenbohede A., Lu C., Ataie-Ashtiani B., Simmons C.T., 601 

Barry D.A. (2013) Seawater intrusion processes, investigation and management: Recent 602 

advances and future challenges. Advances in Water Resources 51, 3–26. 603 

Wrage, J., Tardani, D., Reich, M., Daniele, L., Arancibia, G., Cembrano, J., ... & Pérez-Moreno, R. 604 

(2017). Geochemistry of thermal waters in the Southern Volcanic Zone, Chile–Implications 605 

for structural controls on geothermal fluid composition. Chemical Geology, 466, 545-561. 606 

 607 

  608 



27 

 

Figure Captions 609 

Figure 1. Structural and geological map of Ischia Island. Modified from Paoletti et al. (2015); 610 

Nocentini et al. (2015) and Lima et al. (2003). 611 

Figure 2. Hydrological zonation of Ischia Island, modified from Celico et al. (1999). Blue squares 612 

and circles represent the locations of sampled springs and boreholes, respectively. Blue stars SW 613 

and FW identify the sample location of the reference seawater and groundwater samples, 614 

respectively. 615 

Figure 3. Spatial distribution of sample temperatures (colors) and electric conductivity (size) in 616 

the area of study. 617 

Figure 4. Linear correlation (a) and spatial distribution (b) of temperature and chloride contents in 618 

water samples from Ischia Island. 619 

Figure 5. Chloride contents versus elemental concentrations of Na (a), K (b), Ca (c), Mg (d), Br 620 

(e), B (f), Li (g) and Sr (h) for the springs (blue square) and borehole (blue circles) samples of 621 

Ischia Island. SW and FW end-members are also reported. 622 

Figure 6. Spatial distribution of saline factor calculated with data from this work (a) and from Di 623 

Napoli et al. (2009) (b and c). In Figure 6b are presented the fsea calculated with only the samples 624 

from Di Napoli et al. (2009) collected in the same wells of the present work. In Figure 6c, the fsea 625 

are calculated with all samples from Di Napoli et al. (2009). 626 

Figure 7. Spatial distribution of calculated factors F1 (a), F2 (b) and F3 (c) scoring for each sample. 627 
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