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Abstract
Many coastal and island communities depend on groundwater as the only source of freshwater, making it an invaluable 
resource. In the Mediterranean region, groundwater resources are highly vulnerable to natural and anthropogenic 
pressures, such as overexploitation, climate change, seasonal variations in precipitation, and seawater intrusion. Hence, an 
understanding of hydrogeological processes and groundwater chemistry is a basis for the sustainable management of coastal 
and island groundwater resources. Vis, a small and remote karst island in the Adriatic Sea, exhibits peculiar geological 
and hydrogeological settings, resulting in the island’s autonomous water supply. The current pumping capacity (maximum 
of 42 l/s) meets most of the demand, but intensive summer tourism and climate change exert high stress on groundwater 
resources during the dry season. Consequently, in the last decade, occasional reductions for consumers occurred. Monitoring 
of in situ physicochemical parameters and groundwater sampling for chemical and isotopic analyses were conducted from 
2020 to 2023 at deep borewells, shallow dug wells, and springs. Hydrochemical interpretation indicated that groundwater 
chemistry was affected primarily by carbonate and sulfate rock dissolution, mixing with seawater, reverse ion exchange, and 
dedolomitization. The majority of groundwater samples exhibit Ca–HCO3 hydrochemical facies, followed by Na–Cl and 
mixed facies. The low percentage of seawater in the mixture indicated that seawater intrusion is not too extensive even during 
prolonged dry periods, implying a favorable hydrostatic regime with relatively small but sufficient groundwater reserves of 
the island’s aquifers, although the investigated period was characterized by significantly lower precipitation with respect to 
the 30-year average.
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Introduction

Karst rocks are among the most important aquifers in the 
world, providing groundwater resources for almost a quarter 
of the global population (Ford and Williams 2007). Karst 
aquifers are significantly different compared to aquifers with 
intergranular porosity since the process of carbonate rock 
dissolution (i.e., karstification) results in heterogeneous 

and anisotropic distribution of hydrogeological properties 
(Goldscheider and Andreo 2007), posing a significant 
challenge for the investigation, utilization, and management 
of groundwater resources. Such heterogeneity and anisotropy 
are often reflected in the hydrodynamic characteristics of 
springs and discharge zones, as well as the chemical and 
physicochemical characteristics of the groundwater. In the 
Mediterranean region, where karst groundwater resources 
are highly vulnerable, limited, and unevenly distributed, 
sustainable groundwater management remains one of 
the critical environmental challenges (García-Ruiz et al. 
2011). Climate change, overexploitation, improper land 
use, user conflicts, and seawater intrusions are the most 
common drivers of the degradation of groundwater quality 
and availability (Cudennec et al. 2007; Antonellini et al. 
2008; Mongelli et al. 2013; Argamassila et al. 2017; Leduc 
et al. 2017; Massuel and Riaux 2017). In particular, the 
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Mediterranean region is often regarded as a hot spot of 
climate change, with a predicted increase in mean annual 
air temperature of 3.5–5.5 °C until the end of the century 
(Branković et al. 2013) and an increase in precipitation 
variability with a negative influence on water balance 
(Aguilera and Murillo 2009). Moreover, several studies 
reported that global warming is already progressively 
increasing the frequency, intensity, and duration of drought 
events in the Mediterranean region (Bisselink et  al. 
2018; Samaniego et al. 2018). In addition, environmental 
challenges are aggravated by rising anthropic pressure and 
high population density, with the population drastically 
increasing during the dry summer tourist season (Tramblay 
et al. 2020).

Among 79 islands and 525 islets in the Croatian part of 
the Adriatic Sea (Duplančić Leder et al. 2004), only sev-
eral have completely autonomous water supply from karst 
aquifers, freshwater lenses, or freshwater lakes and marshes, 
whereas the majority are connected to the water supply 
systems on the mainland (Borović et al. 2019). The most 
significant problem regarding groundwater utilization on 
Croatian islands is seawater intrusion. Seawater intrusion 
and consequent groundwater salinization are common pro-
cesses affecting many coastal and island aquifers and are 
often caused by a combination of human and natural factors 
(Kim et al. 2003; Ghabayen et al. 2006; Behera et al. 2019). 
Croatian islands are predominantly composed of karstified 
carbonate rocks (Vlahović et al. 2005) and seawater intru-
sion is imposed by (i) small surface area and low relief of 
the islands, resulting in small catchments and low hydrau-
lic gradients, (ii) intense fracturing and karstification with 
a karst base level below the present sea level, resulting in 
high permeability of the rock mass and preferential seawater 
intrusion through karstic conduits, and (iii) climate of the 
area characterized by relatively low precipitation and high 
evapotranspiration (Terzić et al. 2010).

Understanding groundwater hydrochemistry and related 
hydrogeological processes is one of the critical elements 
in achieving efficient and sustainable management of 
groundwater resources, particularly in coastal and island 
areas (Wali 2020; Hamma et  al. 2024). The research 
presented in this paper aims to assess groundwater chemistry 
and the most significant hydrogeological processes on the 
island of Vis, a small and remote island located far from the 
Croatian mainland, in the central part of the Adriatic Sea. 
The island is specific in terms of having an autonomous 
water supply from a karst aquifer, with several natural 
springs that fostered the establishment of  prehistoric 
settlements, as well as Greek and Roman colonies since 
the fourth century B.C. (Novak 1940). Such favorable 
hydrogeological conditions result from peculiar geological 
settings and structures, where diverse lithologies including 
karstified carbonates, volcanic rocks, evaporites, and clastic 

deposits intertwine on a relatively small area. The island’s 
groundwater resources sustain most of the demand, but 
intensive summer tourism and climate change exert high 
stress on groundwater resources during the dry season. 
Consequently, in the last decades, occasional reductions for 
consumers occurred.

This research aims to investigate the most significant pro-
cesses that influence groundwater chemistry on the island 
of Vis by utilizing the results from four years of continuous 
field and laboratory investigations. Understanding the occur-
rence and characteristics of local hydrogeological processes 
represents a scientific challenge and has very important prac-
tical implications for managing local groundwater resources. 
The results of this research will foster further development 
of sustainable groundwater management on the island, 
including the potential increase of pumping quantity (e.g., 
new wells at existing water supply site or at prospective 
areas), accompanied by the establishment of early warning 
system for seawater intrusion, managed aquifer recharge, and 
small desalination plant. This research and its methodology, 
motivated by both scientific interest and social need, could 
be applied in other coastal and island areas facing similar 
hydrogeological or hydrological issues and potential degra-
dation of groundwater quality and quantity due to overex-
ploitation, seawater intrusion or climate change.

Study area

The island of Vis is located in the central part of the Adriatic 
Sea, approximately 43 km west of the Croatian mainland 
(Fig. 1). The island covers 89.7  km2 and has approximately 
3300 inhabitants (CBS 2021), predominantly living in 
the towns of Vis and Komiža, while the minor part lives 
in scattered settlements in the island’s interior. The local 
economy primarily relies on agriculture and fishing, and 
the island is a popular destination for summer tourism. 
Morphologically, the island consists of three hilly chains 
elongated in roughly E–W direction, with northern 
and southern valleys between them. The latter is more 
prominent, hosting karst poljes (large flat plains in karstic 
terrains), where significant agricultural and economic 
activity occurs (Krklec et al. 2015). The highest peak is Hum 
(587 m a.s.l.), in the western part of the island. The island is 
mostly covered by dense Mediterranean vegetation (maquis 
shrubland), coniferous forests, and agricultural areas (olive 
groves and vineyards, vegetable gardens and orchards, and 
pasture).

The climate is Mediterranean type (Csa) with dry 
and hot summers (Gajić-Čapka et al. 2008; Krklec et al. 
2012). During the last thirty years, the mean annual air 
temperature was 17.2 °C and the mean annual precipitation 
was 745 mm (minimum 410 mm/a, maximum 1269 mm/a; 



Applied Water Science          (2024) 14:214  Page 3 of 24   214 

Bonacci et al. 2020). The precipitation is highly seasonal, 
and more than 70% usually occurs between September and 
March. There are no permanent surface water bodies on 
the island, and surface runoff occurs only during intensive 
rainfall. The average annual potential evapotranspiration 
factor is approximately 0.65 (Terzić et al. 2022), resulting 
in an average effective infiltration of 35%, which is 

concordant with regional coefficients in the Dinaric 
karst region (Bonacci 2001). Several authors reported 
significant warming trends related to the air temperature 
and sea surface temperature, similar to those affecting 
the entire Mediterranean area (Luterbacher et al. 2006; 
Bartolini et al. 2012; Krklec et al. 2012; Branković et al. 
2013; Bonacci et al. 2020, 2021).

Fig. 1  (a) Hydrogeological map of the island of Vis with sampling locations and geographical position and b) schematic hydrogeological cross 
section (modified from Terzić et al. 2022). Stratigraphic age: Quaternary (Q), Lower–Upper Cretaceous  (K1–K2), Middle–Upper Triassic  (T2, 3)
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The island is part of the Dinaric karst region, an area 
characterized by very deep and irregular karstification 
(Vlahović et  al. 2005). The main lithological units, 
spanning from Middle Triassic to Quaternary (Korbar 
et al. 2012), comprising the composite structural fabric 
of the island include (i) Middle–Upper Triassic volcanic-
sedimentary-evaporite (VSE) complex of the Komiža bay 
 (T2, 3), composed of gypsum, dolomite-gypsum breccias, 
karst debris, and a variety of volcanic and clastic rocks and 
associated with the uplift of a diapir (bounded by the yellow 
line in Fig. 1); (ii) Lower – Upper Cretaceous limestones 
and dolomites  (K1–K2) that are intensely fractured and 
karstified; and (iii) Quaternary (Q) deposits, comprised of 
terra rossa cover in karst poljes, and scattered patches of 
colluvial deposits and aeolian sands (Korbar et al. 2012). 
The structure of Vis is an open anticline with a hinge striking 
E–W and dipping toward the east (Patekar et al. 2022). The 
island is crosscut by three main sub-vertical faults striking 
approximately NE–SW, with several minor fault systems of 
approximately N–S orientation (Fig. 1). The most productive 
water supply wells (i.e., Korita well field) are associated 
with the Komiža-Vis fault system that runs through the 
island’s center and enables the infiltration of precipitation 
as well as gradual karstification of the underlying rock mass 
(Fig. 1).

Favorable geological and hydrogeological conditions have 
preconditioned the formation of high-quality karst aquifers 
from which groundwater is abstracted. Hence, the island is 
entirely autonomous in terms of water supply. Groundwater 
is recharged solely by the direct infiltration of precipitation. 
Terzić (2004) distinguished the five main hydrogeological 
units that govern the groundwater dynamics on the island 
of Vis:

• Hydrogeological barriers:
• the VSE complex of the Komiža bay  (T2, 3; Fig. 1). This 

barrier has a relatively narrow extent in the western 
coastal zone and prevents seawater intrusion toward the 
central part of the island. Several springs of various yield 
are formed at its contact with permeable Quaternary 
deposits (e.g., Gusarica, Kamenice);

• Quaternary deposits (Q), represented mainly by terra 
rossa as a thin and discontinuous cover all across the 
island, and as a thicker layer (up to 45 m; Crnolatac 
1953) in karst poljes (e.g., Dračevo polje, Fig. 1). These 
deposits decrease infiltration, and in the thickest parts 
of the karst poljes, they act as a local hydrogeological 
barrier. Additionally, washed-out clayey particles from 
these deposits provide infill that reduces the permeability 
of the underlying carbonate rock mass.

• Aquifers:
• low permeability carbonates, represented mainly 

by Lower Cretaceous well-bedded dolomites  (K1). 

Although they reinforce the barrier function of the 
VSE, they are locally fractured and even karstified, 
allowing groundwater flow in these high-permeability 
zones (e.g., Pizdica spring, Fig. 1);

• moderate permeability carbonates, comprised of Lower 
Cretaceous laminated and bedded limestones with dol-
omitic beds/interbeds, bedded dolomites, and dolomitic 
breccias in some places  (K1–K2, Fig. 1). These units 
are sufficiently permeable to allow groundwater infil-
tration, accumulation, and flow, and concurrently, not 
too permeable to allow the excessive penetration of 
seawater into the island’s aquifers;

• high permeability carbonates, mostly represented by 
Upper Cretaceous highly fractured and karstified thin 
or thick-bedded limestones  (K1–K2), situated in north-
ern and southern coastal zones, resulting in groundwa-
ter salinization due to the total penetration of seawater. 
Additionally, these units are present in the central part 
of the island, forming the most important part of the 
aquifer, which is protected from significant seawater 
intrusion by hydrogeological barriers.

The water supply system of Vis consists of five wells 
(BO1 to BO5) drilled in the Korita well field in the cen-
tral part of the island, well K1 in the Komiža hinterland, 
and the coastal spring Pizdica (Fig. 1). The maximum 
pumping capacity at the Korita well field is 42 l/s (Terzić 
et al. 2022). Here, groundwater quality is excellent since 
the wells are positioned in the central part of the island, 
where the aquifer is protected from seawater intrusion by 
the impervious VSE complex to the west, as well as by 
the low permeability carbonates below karst poljes to the 
south. Additionally, the aquifer is protected by a rock mass 
of very low permeability (de facto an aquitard) at a few 
tens of meters below the present sea level (Fig. 1; Terzić 
et al. 2022). Well K1 and the Pizdica spring in the west-
ern part of the island provide approximately 5 l/s in total. 
Numerous less productive springs and wells on the island 
are not utilized for public water supply system, but given 
their historical importance, their resources are still uti-
lized for irrigation or personal use during droughts (e.g., 
Gusarica, Dragevode, Kamenice; Fig. 1). Approximately 
450,000  m3 of groundwater is abstracted annually from 
the Korita wells (Patekar et al. 2023), with the majority 
abstracted during the summer season to sustain a fivefold 
increase in population due to tourism. Given the island’s 
growing tourism and socio–economic development, 
increasing groundwater abstraction trends are expected 
(Patekar et al. 2023). Several reductions for consumers 
occurred in the last two decades due to low rainfall and 
declining groundwater levels.

Previous hydrogeological research delineated two 
distinctive catchments, Korita (19   km2) and Pizdica 
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(5   km2), with an average catchment altitude of 255 and 
315  m a.s.l., respectively, and separated by the zonal 
groundwater divide following the hilly terrain of the Hum 
ridge (Terzić et  al. 2022). Several smaller catchments 
also exist (e.g., catchments of karst poljes in the south 
and catchments of springs Kamenice and Gusarica on 
the rim of VSE) but their relevance in the context of 
water supply is minor. Groundwater levels usually reach 
their minimum after the summer (September or October) 
and maximum after the winter (March or April), with an 
amplitude of ± 10 m in the Korita water supply wells. The 
majority of groundwater outflow occurs diffusely through 
high  permeability carbonates along the northern and 
southern coasts, which prevents detailed observation. Still, 
few permanent and several periodical vruljas (submarine 
springs) exist. Pumping test evidenced that even though 
the karstified carbonate aquifer in the Korita area is quite 
heterogeneous and consists of voids of different scales 
that are interconnected by fractures, cracks, and even karst 
conduits, a homogeneous type of flow through a fractured 
rock mass prevails, rather than a conduit flow (Terzić et al. 
2022). Groundwater exploited in the Korita well field 
displayed relative stability (e.g., chloride concentrations, 
electrical conductivity, and pH) despite below-average 
precipitation during the last five years, suggesting sufficient 
groundwater reserves with good resilience toward seasonal 
overexploitation and droughts (Patekar et al. 2022).

Materials and methods

Water sampling and analyses

Measurements of in situ physicochemical parameters and 
groundwater sampling were conducted monthly from 
January 2020 to December 2022 and quarterly in 2023. 
Field measurements and sampling were conducted in 

(i) deep borewells BO2 and BO5, K1, DP1, and V1, (ii) 
shallow dug wells Dragevode and AB, and (iii) springs 
Gusarica, Kamenice, and Pizdica (Fig. 1; Table 1). A total 
of 376 samples were collected in pre-rinsed 100 mL air-tight 
polyethylene bottles, sealed, and refrigerated until laboratory 
analyses, which were conducted within several days of 
sampling. In situ physicochemical parameters (temperature, 
pH, and electrical conductivity) were measured using the 
WTW Multi 3320 multiparameter probe. Alkalinity was 
measured during the fieldwork using the volumetric titration 
method by HACH 16900 digital titrator with a 1.6N  H2SO4 
and bromocresol green indicator.

Laboratory analyses were performed in the 
Hydrochemical Laboratory of the Croatian Geological 
Survey in Zagreb, Croatia. Analysis of major ions (Ca, 
Mg, Na, K,  SO4, Cl, and  NO3) was performed by the ion 
chromatography on the DIONEX ICS-6000 DP (Thermo 
Fisher Scientific). Stable isotopes of oxygen (18O) and 
hydrogen (2H) were analyzed using the Picarro L2130-i 
Isotope and Gas Concentration Analyzer (Picarro, Santa 
Clara, California, USA), using international standards 
produced by the USGS (isotope reference material USGS 
46, USGS47, and USGS48) for calibration of the results. 
All isotopic ratio results were reported as δ-notation 
(‰) relative to the Vienna Standard Mean Ocean Water 
(VSMOW) standard (Mazor 2004). Furthermore, two 
sets of samples representing the hydrological minimum 
and maximum were collected from five characteristic 
locations and analyzed in the Hydroisotop laboratory in 
Schweitenkirchen, Germany, to determine the δ34S and δ18O 
values from  SO4

2−. Isotope concentrations were measured 
using the isotope ratio mass spectrometry EA-IRMS method. 
The isotopic compositions are expressed in the traditional 
delta notations (‰) with respect to VSMOW standard for 
oxygen and hydrogen, and CDT (Canon Diablo Troilite) for 
sulfur. Results were processed in Excel and Diagrammes 
software (Simler 2012). All acquired samples are within 

Table 1  Summary and basic 
characteristics of analyzed wells 
and springs on the island of Vis

a depth of groundwater level from the terrain surface (i.e., measured average values), also representing the 
approximate depth of sampling; bsimplified and based on the geological and hydrogeological maps (Korbar 
et al. 2012; Terzić et al. 2022); cspring discharge or maximum pumping capacity of the well

Name Type GWLa Main  lithologyb Ratec

AB dug well  ~ 14 m Dolomite  ~ 3 l/s
BO2 borewell  ~ 120 m Limestone with dolomitic interbeds  < 8 l/s
BO5 borewell  ~ 130 m Limestone with dolomitic interbeds  < 6 l/s
DP1 borewell  ~ 125 m Limestone  < 0.5 l/s
Dragevode dug well  ~ 2 m Colluvial deposits Unknown
Gusarica spring – VSE Unknown
Kamenice spring – Colluvial deposits and VSE  ~ 0.03 l/s
K1 borewell  ~ 68 m Dolomite and limestone  < 2 l/s
Pizdica spring – Dolomite and VSE  ~ 3.5 l/s
V1 borewell  ~ 155 m Dolomite Unknown
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the commonly acceptable 5% charge balance error (Appelo 
and Postma 2005). Graphics and artwork were created in 
Grapher 10 software.

Hydrochemical and hydrogeological processes

Standard hydrochemical and hydrogeological methods were 
utilized to assess the occurrence of various processes (e.g., 
water–rock interactions, mixing of fresh groundwater with 
seawater, dedolomitization, and ion exchange) in karst aqui-
fers on the island of Vis. Relative ratios of major ions were 
graphically represented on a trilinear Piper diagram (Piper 
1944), and mean concentrations (in meq/l) were plotted in 
the Schoeller diagram (Schoeller 1962), enabling the iden-
tification of groundwater hydrochemical facies, as well as 
trends and variations in chemical composition, indicating 
specific hydrogeological processes. Furthermore, diagrams 
of physicochemical parameters (box-plots of groundwater 
T, EC, and pH), saturation indices (calcite, dolomite, and 
gypsum), and specific ionic ratios (i.e., Na/Cl, (Ca + Mg)/ 
(HCO +  SO4), chloro-alkaline indices CAI I and CAI II, and 
(Ca/(Ca + Mg))/(SO4/(SO4 +  HCO3)) were utilized (Schoe-
ller 1965; Frondini 2008; Moral et al. 2008; Tiwari et al. 
2019; Cappucci et al. 2020; Zhang et al. 2020; Ismail et al. 
2023; Mussa 2023; Sun et al. 2023; Zhang et al. 2023).

Saturation indices (SI) of the main aquifer-forming and 
related minerals (i.e., calcite, dolomite, gypsum) were cal-
culated based on the equation (Appelo and Postma 2005):

where IAP is the ion activity product, and K is the solubil-
ity product. In karst terrains, SIs serve as a valuable tool 
for assessing groundwater aggressiveness. SI values indi-
cate the thermodynamic potential for mineral dissolution 
or precipitation within the aquifer system. Undersaturated 
conditions (SI < 0) signify that groundwater is aggressive 
and can dissolve aquifer minerals. Conversely, saturated 
conditions (SI > 0) suggest that the groundwater is saturated 
with respect to specific minerals and has the potential to pre-
cipitate them (Appelo and Postma 2005). When the SI value 
is close to 0 or falls within the analytical uncertainty range, 
the groundwater is considered to be in near-equilibrium with 
the aquifer minerals. The assumed range of SI uncertainty 
used in this study is ± 0.1 for calcite and ± 0.5 for dolomite 
(López-Chicano et al. 2001; Serianz et al. 2020). SIs were 
calculated using Diagrammes software (Simler 2012).

Furthermore, the seawater percentage (fsea) in ground-
water was calculated based on the conservative mixing 
method proposed by Appelo and Postma (2005). The sea-
water percentage in a sample (fsea) is defined as:

(1)SI = log
(

IAP

K

)

where  mCl,sample,  mCl,fresh, and  mCl,seawater represent molar 
concentration of Cl (mmol/l) in a sample, freshwater, and 
seawater, respectively. If seawater is the only source of Cl, 
then  mCl, fresh equals 0, simplifying Eq. 2 to:

where  mCl, sample is the measured Cl concentration in a sam-
ple expressed in mmol/l, and 602 mmol/l is the average Cl 
concentration of the Adriatic Sea, corresponding to the sea-
water salinity of 38‰ (Reale et al. 2017).

Chloro-alkaline indices CAI I and CAI II were used to 
detect ion exchange processes between the matrix of the 
aquifer and groundwater solution (Schoeller 1965). Posi-
tive values of CAI indicate the exchange of Na and K from 
groundwater solution with Mg and Ca from the aquifer 
matrix (reverse ion exchange or enrichment in Ca and Mg). 
In contrast, negative CAI values indicate an exchange of Mg 
and Ca from groundwater with Na and K from the aquifer 
matrix (ion exchange or enrichment in Na and K). Generally, 
CAI indices are close to zero, while higher values indicate 
stronger ion exchange (Al-Ahmadi 2013; Krishna Kumar 
et al. 2014). CAI I and II are expressed as (all ions in meq/l):

Soluble sodium percentage (%Na), representing the ten-
dency of water to engage in cation exchange reactions in soil, 
was calculated to assess water quality for agriculture and irri-
gation. Higher %Na indicates a tendency of sodium cations 
to adsorb onto clay particle surfaces, potentially leading to 
reduced soil permeability (Tanvir Rahman et al. 2017). Solu-
ble sodium percentage is calculated as (all ions in meq/l):

The relationship between soluble sodium percentage and 
EC was graphically shown on the Wilcox diagram (Wilcox 
1955), allowing the classification of water samples into five 
respective categories.

(2)fsea =
mCl, sample − mCl, fresh

mCl,sea − mCl,fresh

× 100(%)

(3)fsea =
mCl, sample

602

(4)CAI I =
Cl − (Na + K)

Cl

(5)CAI II =
Cl − (Na + K)

CO3 + SO4 + HCO3 + NO3

(6)%Na =
Na × 100

Ca +Mg + Na + K
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Results and discussion

Major ion chemistry and physico‑chemical 
parameters

Figure  1 shows the location map of springs and wells 
analyzed in this study, and Table  1 shows their basic 
characteristics.

Table 2 shows statistical analyses (minimum, mean, and 
maximum values, standard deviation) of physicochemical 
parameters and major ion concentrations of groundwater 
samples from the island of Vis.

The distribution of groundwater temperature, pH, and EC 
values is graphically shown in box-plots (Fig. 2).

Groundwater temperatures range from 13 to 23.3  °C 
(Fig. 2), with mean values between 15.3 and 19.3 °C. At 

Table 2  Statistical analyses 
of in situ physicochemical 
parameters and hydrochemical 
components. n denotes the 
number of analyzed samples

Location Statistics T pH EC Ca2+ Mg2+ Na+ K+ HCO3
− SO4

2− Cl− NO3
−

°C – µS/cm                                             mg/l

AB
n = 39

Min 14.1 6.89 1527 88.7 40.9 127.2 2.7 340.4 30.0 282.8 0.6
Mean 15.9 7.38 1993 124.4 52.7 194.6 7.1 385.6 58.1 424.6 1.2
Max 18.2 7.83 5880 156.9 124.7 902.1 51.0 438.0 250.1 1827.5 2.7
St. dev 0.93 0.30 753 9.5 12.1 118.5 7.9 17.5 32.3 234.6 0.6

BO2
n = 39

Min 14.1 7.25 539 77.1 19.6 21.8 0.4 302.6 8.4 41.6 2.0
Mean 15.3 7.44 755 81.9 23.9 32.1 0.9 316.0 11.9 71.8 3.3
Max 16.2 7.72 917 87.0 29.6 45.6 1.4 342.8 16.2 112.2 6.9
St. dev 0.5 0.11 89 2.2 2.8 6.7 0.1 8.8 2.0 20.5 0.8

BO5
n = 38

Min 14.3 7.27 549 81.8 21.2 24.1 0.7 291.6 11.5 45.5 2.6
Mean 15.5 7.43 858 89.5 26.7 41.3 0.9 315.5 16.7 103.4 3.8
Max 17.4 7.73 1058 96.1 33.9 53.8 1.3 340.4 22.2 154.8 4.9
St. dev 0.7 0.11 118 4.2 2.9 7.7 0.1 9.9 2.5 30.2 0.6

DP1
n = 38

Min 14.1 6.94 407 59.7 12.8 16.9 0.4 213.5 12.1 27.3 1.0
Mean 16.6 7.12 789 110.5 24.2 18.0 8.3 414.7 25.0 41.3 5.6
Max 18.2 7.85 948 118.5 29.6 19.8 44.8 467.0 39.7 69.1 35.9
St. dev 0.8 0.18 101 10.2 3.2 0.5 9.2 41.0 4.9 8.6 6.1

Dragevode
n = 39

Min 13.0 7.44 430 47.9 24.9 17.8 0.1 218.4 31.7 25.5 0.3
Mean 16.3 7.77 583 54.1 29.1 19.7 1.2 247.5 48.4 35.5 1.7
Max 20.2 8.18 843 61.4 35.9 33.5 16.3 292.8 68.6 61.6 3.9
St. dev 2.2 0.16 79 3.6 3.4 2.6 2.6 19.6 9.2 6.9 1.0

Gusarica
n = 38

Min 16.3 6.87 812 142.6 23.8 28.9 0.8 318.4 150.6 20.0 3.2
Mean 19.3 7.08 1061 155.4 27.7 34.1 1.8 338.0 199.9 64.3 4.8
Max 23.3 7.57 1179 169.0 34.2 43.6 2.7 362.3 233.9 95.3 10.1
St. dev 2.2 0.14 87 6.2 2.8 4.3 0.4 8.3 20.9 15.3 1.3

K1
n = 30

Min 16.6 7.23 716 81.7 26.0 38.7 0.8 317.2 19.3 58.8 3.9
Mean 17.7 7.39 875 83.1 35.8 41.0 1.1 371.3 28.1 80.7 5.0
Max 19.0 7.65 973 84.8 40.5 44.9 1.7 406.3 32.1 120.8 5.8
St. dev 0.7 0.10 61 0.8 2.9 1.9 0.1 15.0 3.0 11.0 0.5

Kamenice
n = 39

Min 16.9 6.98 925 119.7 38.3 38.5 0.1 247.7 158.7 48.8 8.0
Mean 18.3 7.17 1098 128.4 42.8 40.9 1.3 354.6 191.2 62.6 17.5
Max 20.5 7.47 1225 149.1 48.7 45.7 5.5 408.7 220.6 78.8 23.0
St. dev 0.9 0.12 59 5.4 3.3 1.6 0.8 22.6 11.5 6.7 3.1

Pizdica
n = 39

Min 16.0 7.26 1670 75.0 39.1 195.0 5.0 270.8 60.9 363.4 1.9
Mean 16.2 7.44 2011 92.2 45.4 241.0 8.0 299.6 80.2 446.7 3.2
Max 17.0 7.70 2140 98.2 54.7 279.3 9.4 368.0 91.9 500.7 4.4
St. dev 0.2 0.11 119 3.9 3.4 13.3 0.7 16.2 8.0 38.3 0.5

V1
n = 37

Min 15.0 7.30 874 40.7 30.9 91.3 2.3 196.4 2.5 159.7 0.1
Mean 16.5 7.51 1324 47.5 35.3 150.2 9.6 236.5 7.6 299.1 0.9
Max 17.6 7.88 1644 59.5 43.2 180.2 25.1 312.3 18.9 391.4 2.3
St. dev 0.7 0.13 163 5.0 3.4 19.7 4.5 29.2 4.0 54.6 0.8
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most investigated locations, the mean annual groundwater 
temperature is slightly lower than the mean annual air 
temperature (i.e., 17.2  °C). Deeper borewells (BO2 & 
5, DP1, K1, and V1) generally display lower and more 
stable groundwater temperatures with smaller oscillations, 

reflecting well depth and deeper groundwater circulation 
within the aquifer. The lowest variability in groundwater 
temperature is observed in the Pizdica spring, indicating 
significant catchment size, high hydraulic gradient in the 
aquifer, and the dominant role of Pizdica spring in the 
discharge from this catchment. Smaller springs Kamenice 
and Gusarica and dug well Dragevode, generally display 
higher temperature variability due to shallow subsurface 
groundwater circulation (influenced by air temperature 
amplitude), while dug well AB is influenced by seawater 
temperature amplitude.

pH values vary from 6.89 to 8.18, with a mean value 
of 7.37 (Fig. 2), indicating neutral to mildly alkaline reac-
tions. All groundwater samples are within the pH standard 
for drinking water (6.5–8.5; EC 2020). The highest pH 
amplitude is observed in a coastal well AB, and the highest 
alkalinity in dug well Dragevode.

Electrical conductivity (EC) values range from 516 to 
2390 µS/cm (Fig. 2), with several outlier values which were 
excluded from the plot (i.e., 407 and 5880 µS/cm in DP1 and 
AB, respectively) due to the scale of the figure. Except in 
coastal wells V1 and AB, EC values are mostly stable and 
do not significantly vary despite below-average precipitation 
during the analyzed period. The main water supply wells 
BO2, BO5, and K1 display moderate and stable EC (mean 
values of 755, 858, and 875 µS/cm, respectively). The same 
stability is observed in the Pizdica spring, with significantly 
higher EC values (mean value of 2011 µS/cm). The highest 
variability is observed in the AB well, reflecting the most 
decisive influence of mixing processes due to tidal fluctua-
tions and low hydraulic gradient in the aquifer.

Ratios of major ions were plotted on the trilinear Piper 
diagram (Fig. 3), and the mean values of ion concentrations 
(in meq/l) were plotted on the Schoeller diagram (Fig. 4).

Plotting of data in the Piper diagram (Fig. 3) identified 
the three dominant hydrochemical facies types of ground-
water on the island of Vis:

• Ca–HCO3 type: BO2, BO5, DP1, K1, and Dragevode
• Mixed type: Gusarica, Kamenice, and AB
• Na–Cl type: Pizdica and V1

All groundwater samples show relative abundance in Ca, 
Mg, and  HCO3, which is expected given the predominant 
carbonate lithology of the aquifers on the island of Vis. 
The first group (squares in Figs. 3 and 4), corresponding 
to primarily Ca–HCO3 hydrochemical facies, is character-
ized by Ca >  > Mg > Na > K and  HCO3 >  > Cl >  SO4 >  NO3, 
relatively low EC (mean values < 1000 µS/cm), and low 
to moderate Cl concentrations. The second group (tri-
angles in Figs. 3 and 4), representing mixed facies, con-
sists of two  SO4-rich groundwater samples from springs 
Gusarica and Kamenice, where Ca >  > Mg > Na > K and 

Fig. 2  Box-plots of groundwater temperature, pH, and EC
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 HCO3 >  SO4 > Cl >  NO3, as well as samples from coastal 
well AB where Na and Cl prevail. The third group (circles 
in Figs. 3 and 4) is represented by the Pizdica spring and 
well V1 with relatively higher Cl concentrations and higher 
EC values, corresponding primarily to Na–Cl hydrochemical 
facies. The separation between the three distinctive water 
groups is relatively well-defined, while the intermediate 
chemical composition of some groundwater samples reflects 
the higher effect of specific hydrogeological processes on 
groundwater chemistry (e.g., stronger mixing with seawater, 
stronger dissolution of gypsum).

Table 3 shows the Pearson correlation coefficient between 
the investigated hydrochemical variables of the bulk dataset. 
The strongest positive correlation is evident between EC 
and dissolved ions (i.e., Mg, Na, and Cl), which primarily 
contribute to groundwater mineralization and salinization. A 

high correlation of Ca with  HCO3 and  SO4 indicates a strong 
effect of the dissolution of carbonate and sulfate minerals 
on groundwater chemistry, while a strong correlation of Na 
and Cl is logical and expected on an island. The negative 
correlation of pH with Ca and  HCO3 is also expected, given 
the nature of carbonate dissolution (Ford and Williams 
2007).

Chemical equilibrium for a specific mineral is commonly 
investigated by calculating the saturation index (Eq. 1). 
In Fig.  5, saturation indices for calcite and dolomite 
were plotted. Additionally, saturation indices for gypsum 
were plotted as a function of  SO4 concentration (Fig. 6). 
Almost all groundwater samples are oversaturated or in 
equilibrium with respect to calcite, regardless of Cl and 
 SO4 concentrations. Undersaturation with respect to calcite 
is evident only in a dozen samples from well V1, along 

Fig. 3  Piper diagram of groundwater samples from the island of Vis
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Fig. 4  Schoeller diagram of groundwater samples from the island of Vis, showing the mean ion concentrations from the analyzed period

Table 3  Pearson correlation 
coefficients between the 
investigated hydrochemical 
variables

T 1

pH − 0.47 1
EC − 0.04 − 0.07 1
Ca 0.43 − 0.67 0.24 1
Mg 0.04 0.00 0.83 0.21 1
Na − 0.17 0.13 0.92 − 0.03 0.78 1
K − 0.10 − 0.02 0.52 − 0.04 0.38 0.58 1
Cl − 0.19 0.13 0.92 − 0.02 0.78 0.99 0.59 1
HCO3 0.18 − 0.58 0.07 0.67 0.12 − 0.15 0.02 − 0.12 1
SO4 0.59 − 0.44 0.18 0.74 0.28 − 0.01 − 0.10 − 0.05 0.17 1
NO3 0.32 − 0.40 − 0.12 0.39 0.10 − 0.25 − 0.19 − 0.29 0.25 0.56 1

T pH EC Ca Mg Na K Cl HCO3 SO4 NO3
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with several scattered samples from other locations. Such 
undersaturation might result from higher transmissivity in 
well V1 and lower groundwater residence time, which is 
also indicated by relatively low mineralization (Table 2). 
Furthermore, approximately half of groundwater samples 
from all three groups are in equilibrium, while the rest are 
strongly undersaturated with respect to dolomite.  SIdolomite 
has a significantly higher range of distribution than  SIcalcite, 
from − 1.31 to 1.01, with most groundwater samples with 
 SIdolomite between 0 and − 1. Saturation indices for gypsum 
show a good correlation to increasing  SO4 concentrations 
and are strongly undersaturated in the majority of the 
groundwater samples (Fig. 6), except in the mixed group 
(Gusarica and Kamenice), where the lowest undersaturation 
is evidenced, indicating the strongest effect of dissolution of 

sulfate minerals, followed by the well AB and the Pizdica 
spring. In the former, sulfates are exclusively derived from 
seawater, while in the latter, there is some sulfate mineral 
dissolution due to the presence of gypsum and anhydrite 
outcrops in the discharge zone of the spring. There are no 
observable differences in the trends of saturation indices 
between wells and springs.

The isotopic composition of δ18O and δ2H of all collected 
groundwater samples is shown in Fig. 7. As precipitation 
was not collected during the monitoring period, data from 
the IAEA GNIP database (IAEA/WMO 2006) were used 
to construct the local meteoric water line (LMWL). For the 
construction of the LMWL, we excluded three rain samples 
(from the summer months) with a d-excess value close to 
zero or negative and a low amount of precipitation (a few 

Fig. 5  Saturation indices (SI) of dolomite and calcite. Gray rectangles indicate equilibrium (± 0.1 for calcite and ± 0.5 for dolomite)
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mm) due to the possibility of evaporation of the samples. 
The precipitation samples used for the construction of the 
LMWL were collected from September 2000 to December 
2003 (IAEA 2005). The rain gauge station was located 
near the coast in Komiža. In order to take into account 
the infiltration of precipitation in the system, the mean 
precipitation values were weighted by the amount of 
precipitation. The calculated amount weighted mean of 
precipitation was δ18O = − 6.52‰, and δ2H = − 39.91‰, 
and d-excess of 13.23‰. The average δ18O content of all 
collected samples ranged from − 6.11‰ in DP1 to − 6.99 ‰ 
in K1, and the average δ2H content ranged from − 34.56‰ in 
DP1 to − 39.85‰ in K1. The average d-excess values ranged 
from 14.28 to 16.91‰. The isotopic content of the collected 
samples and the precipitation confirms the meteoric recharge 
of the aquifer. The slightly higher d-excess values in the 
samples in relation to precipitation can be attributed to the 
altitude effect, as the rain gauge is located near the coast at 
6 m a.s.l. and the recharge area of the springs and borewells 
reaches up to almost 500 m a.s.l.

Water–rock interactions

Piper diagram and statistical distribution of hydrochemical 
components indicated several intertwined processes in dif-
ferent temporal and spatial scales affecting the groundwater 
chemistry on the island of Vis. These processes include (i) 
water–rock interactions (mixed dissolution of limestone and 
dolomite within the karst aquifers, dissolution of evaporite 
minerals from the VSE complex, and dedolomitization), 
(ii) chloride enrichment (seawater intrusion, infiltration of 
Cl-rich marine aerosols, or atmospheric contribution), (iii) 
reverse ion exchange, and (iv) anthropogenic pollution.

Given the composite lithological structure of the island of 
Vis, the molar ratios Ca/(Ca + Mg) and  SO4/(SO4 +  HCO3) 
were utilized to assess the dominant dissolution process 
in groundwater samples on the island of Vis (Fig. 8). Ca/
(Ca + Mg) ratio commonly ranges from 0.5 to 1, representing 
the dissolution of stoichiometric dolomite and calcite (i.e., 
pure limestone), respectively. Additionally, an increase in 
 SO4 concentration is indicative of the dissolution of sulfate 
minerals. The diagram in Fig.  8 shows predominantly 
dolomite dissolution in samples from the Na–Cl group, 
while samples from the Ca–HCO3 group are characterized 
by intermediate values, implying mixed dissolution of 
limestone and dolomite. Samples from the mixed group 

Fig. 6  Saturation indices of 
gypsum versus dissolved  SO4
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are also characterized by mixed dissolution of limestone 
and dolomite, whereas springs Kamenice and Gusarica 
show a significant increase in  SO4 concentrations and 
plot toward gypsum end member. Both springs occur 
within the zone of the VSE complex of the Komiža bay, 
where scattered gypsum outcrops are commonly found 
on the surface. Gypsum and anhydrite outcrops are also 
present in the discharge zone of the Pizdica spring, whose 
groundwater is characterized by intermediate values of  SO4. 
Conversely, well V1, which is located in the hinterland and 
catchment of the Pizdica spring, shows the lowest values 
of  SO4, confirming the relatively narrow extent of the VSE 
zone in the western part of the island. A minor effect of 
gypsum dissolution is reflected in  SO4 concentration in 
dug well Dragevode, which is also located in the zone 
of the VSE complex. Furthermore, a relative increase 
in Mg accompanied by an increase in  SO4 suggests that 
groundwater from springs Gusarica and Kamenice is affected 
by dedolomitization, a common process in aquifers which 
contain both dolomite and gypsum (Plummer et al. 1990; 
Capaccioni et al. 2001). The mechanism of dedolomitization 

is driven by the dissolution of gypsum, causing excess Ca 
and calcite precipitation, and the consequent dissolution of 
dolomite followed by an increase of Mg in the groundwater 
(Appelo and Postma 2005). These groundwaters are also 
slightly or strongly oversaturated with respect to calcite 
(Fig. 5) and show an increase in Ca and Mg and a decrease in 
pH with increasing  SO4, which is expected under conditions 
of dedolomitization.

To assess the temporal and spatial variations of isotopic 
composition and concentrations of the dissolved sulfate, 
δ34S and δ18O from  SO4 have been investigated during the 
hydrological minimum and maximum in September 2020 
and January 2021, respectively. Based on the concentration 
of δ34S and δ18O isotopes, possible sources of sulfate 
include (i) atmospheric deposition, (ii) soil sulfate, (iii) 
oxidation of reduced inorganic sulfur compounds, (iv) 
dissolution of evaporites, and (v) marine origin (Porowski 
et al. 2019). Results and summary of various sulfate sources 
in groundwater from the island of Vis are shown in Fig. 9. 
Samples from all investigated locations plot similarly in 
both hydrological scenarios, and are in concordance with 

Fig. 7  Isotopic composition 
δ2H and δ18O of groundwater 
samples from the island of Vis 
with calculated LMWL for 
Komiža
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the local geological setting. In particular, samples from the 
Gusarica spring indicate gypsum dissolution as the primary 
source of  SO4, as the spring is located in the VSE complex 

adjacent to surface gypsum outcrops. A lesser effect of 
gypsum dissolution is observed at the Pizdica spring, with 
a slight downward shift indicating stronger marine influence, 

Fig. 8  Diagram of Ca/
(Ca + Mg) and  SO4/
(SO4 +  HCO3) molar ratios

Fig. 9  Bivariate diagram of δ34S 
versus δ18O from  SO4, reflecting 
typical sulfate sources. Samples 
from hydrological maximum are 
represented by larger symbols 
and vice versa. Modified after 
Porowski et al. (2019)
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in accordance with its Na–Cl hydrochemical facies. Samples 
from water supply wells BO2 and K1 show mixed influence 
of atmospheric deposition, modern marine  SO4, and soil 
sulfate. During the hydrological maximum,  SO4 contribution 
from precipitation and topsoil percolation is higher, 
whereas, during the minimum, a slight shift toward marine 
influence is most likely related to the increased mixing 
process of groundwater and seawater. Samples from well 
AB plot closely to BO2 and K1, but with a slight upward 
shift bordering the zone of evaporite dissolution during 
the hydrological minimum. However, given the absence of 
evaporite deposits in the eastern part of the island (the most 
distant part with respect to the VSE complex of the Komiža 
bay), the most likely origin of these sulfates is a combination 
of atmospheric deposition and a stronger marine influence.

Seawater intrusion and mixing processes

The molar ratio of Na and Cl was explored to investigate the 
occurrence, source, and extent of groundwater salinization 
on the island of Vis (Fig. 10). The ratio of 1:1 implies the 
dissolution of pure halite, and a higher ratio indicates excess 

Na as a result of weathering of silicate minerals or cation 
exchange processes, whereas Na and Cl ratios lower than 
those of seawater (i.e., 0.86) indicate seawater intrusion, 
reverse ion exchange or anthropogenic contamination 
(Mercado 1985; Appelo and Postma 2005; Abu-alnaeem 
et al. 2018). Since no halite mineralization was ever recorded 
on the island of Vis, the possible sources of salinization 
are seawater intrusion, infiltration of chloride-rich marine 
aerosols, and atmospheric deposition. Two distinctive 
clusters are evident in Fig.  10, Ca–HCO3 group and 
mixed group (springs Kamenice and Gusarica) with low 
concentrations of Na and Cl, and Na–Cl group and coastal 
well AB with significantly higher concentrations of Na and 
Cl. This is concordant with the structural fabric of the island, 
where high permeability carbonates, situated along the coast, 
act as preferential flow paths for seawater intrusion, hence 
the higher concentrations in the Na–Cl group. Conversely, 
geological structures and hydrogeological barriers impede 
significant intrusion in more distant wells and springs of 
the low salinity Ca–HCO3 group. The fact that even the 
most salinized groundwater from the island of Vis displays 
mean chloride concentrations on the threshold of fresh water 

Fig. 10  Biplot diagram of Na 
and Cl molar ratios
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Cl concentration. Hence, fsea values obtained through a sim-
plified approach could be considered as realistic. Further-
more, another possible source of chlorides is the infiltration 
of chloride-rich marine aerosols blown over the island’s sur-
face during strong winds. Physicochemical data indicate that 
EC values and Cl concentrations of groundwater generally 
decrease after rain at all investigated locations, excluding the 
infiltration of chloride-rich marine aerosols as a major con-
tributor to groundwater salinization. Therefore, the primary 
origin of the saline content in groundwater on the island of 
Vis is the diffuse mixing of fresh groundwater and seawater.

Considerable Cl concentrations and EC (Table 2) in 
some samples from the Ca–HCO3 group imply that a certain 
degree of mixing with seawater occurs even in aquifers 
protected by the distinctive hydrogeological barriers. To 
illustrate, slight deviation and excess chlorides are visible 
in water supply wells BO5 and, to a lesser extent, in BO2 
(Fig. 10). Given the presence of relatively watertight rock 
mass (dolomitic intrabed) below the Korita well field, at 
several tens of meters below the sea level, coupled with 
hydrogeological barriers from the W (impermeable VSE 
complex) and the S (infilled rock mass of low permeability 
below karst poljes), the small fraction of seawater reaches 
the aquifer below Korita well field most likely via deeper 
faults, either through the main E–W fault (Komiža-Vis 
fault) or lower-order NE–SW faults (Fig. 1). The highest 
levels of chlorides coincided with the lowest precipitation 
and the highest pumping rates to sustain intensive summer 
tourism, implying that older, deeper, and more mineralized 
groundwater was abstracted. This could also indicate that 
seawater upconing occurs below the Korita well field during 
groundwater minimum, causing a small degree of mixing 
despite the presence of relatively watertight dolomitic 
intrabed in the base of the aquifer.

Ion exchange

The Na and Cl ratio can also indicate ion exchange and 
reverse ion exchange processes (Zaidi et  al. 2015). In 
Fig. 10, slight excess of Cl over Na in several samples from 
the Ca–HCO3 group (e.g., BO5 and K1) and even higher 
Cl excess in the Na–Cl and mixed group (Pizdica, V1, and 
AB) may be indicative of a well-known geochemical effect 
induced by the seawater intrusion into freshwater aquifer, 
i.e., reverse ion exchange, where Ca is exchanged by Na 
in the carbonate matrix, resulting in an increase of Ca and 
a decrease of Na concentrations in groundwater (Zaidi 
et al. 2015; Colombani et al. 2017; Mora et al. 2020). To 
validate whether reverse ion exchange occurs in groundwater 
samples from the island of Vis, molar ratios of (Ca + Mg)/
(HCO3 +  SO4) are plotted in Fig. 11. Most groundwater 
samples plot close to the equiline or above, indicating that 
groundwater chemistry on the island of Vis is controlled 

and brackish water indicates that seawater intrusion is not 
too extensive even during prolonged dry periods, implying 
favorable and balanced hydrostatic regime with relatively 
small but sufficient fresh groundwater reserves within the 
island’s aquifers.

The seawater percentages in groundwater samples were 
calculated by a simplified approach to the conservative mix-
ing method (Eq. 3) and are shown in Table 4. The seawater 
percentage is very low (< 1%) in the majority of the samples, 
except in the Na–Cl group and well AB (> 1%). fsea values 
higher than 2% are considered a taste-based threshold when 
water becomes salty, while fsea of 4% is the threshold for 
human consumption (Mahlknecht et al. 2017). By compar-
ing the available data from previous campaigns in 1999/2000 
(Terzić 2004) with the data presented in this study, there are 
no significant differences in fsea values in any investigated 
locations (except in water supply well K1). However, these 
conclusions are based on limited data and cannot be consid-
ered as fully representative. Additionally, it is noteworthy 
that pumping rates increased by 30 to 40% in the Korita 
water supply wells BO2 and BO5 during the early 2000s.

The simplified approach to estimating fsea presumes the 
concentration of Cl in local precipitation (atmospheric depo-
sition) to be zero. Although the detailed ionic composition of 
local precipitation had not been investigated before, Skevin-
Sović et al. (2012) reported the mean Cl concentrations of 
7.1 g/m2 annually in wet deposition at the meteorological 
station in Komiža. Long-term sampling of wet and dry 
atmospheric depositions is necessary to accurately estimate 
the concentrations and mechanisms of atmospheric Cl con-
tribution to the local groundwater, with the eventual ream-
bulation of the empirical relationship in Eq. 3 to account for 
the local conditions more accurately. Regardless, given the 
island setting of the study area, it is presumable that seawater 
intrusion has a significantly stronger effect on groundwater 

Table 4  Seawater percentage (fsea) in groundwater samples from the 
island of Vis and comparison with the historical data from 1999/2000

a data from Terzić (2004)

fsea (%)

Min Mean Max 1999/2000a

BO2 0.19 0.34 0.53 0.38–0.43
BO5 0.21 0.48 0.73 n.a
K1 0.28 0.38 0.57 0.19–0.23
DP1 0.13 0.19 0.32 n.a
Dragevode 0.12 0.17 0.23 0.20
Kamenice 0.23 0.29 0.37 0.38–0.52
Gusarica 0.09 0.30 0.45 0.35–0.39
AB 1.33 1.99 8.56 n.a
Pizdica 1.70 2.09 2.35 1.95–2.48
V1 0.75 1.40 1.83 n.a
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by the combination of carbonate and sulfate dissolution, as 
well as reverse ion exchange as a consequence of mixing 
processes. The upward shift appears concordantly to the Na/
Cl plot, and a stronger effect of reverse ion exchange occurs 
in samples with higher Cl concentrations (i.e., AB, Pizdica, 
and V1).

Chloro-alkaline indices (Schoeller 1965) CAI I (Eq. 4) 
and CAI II (Eq. 5) shown in Fig. 12 point to the same 
trends as previous plots, confirming the occurrence and 
effect of reverse ion exchange on groundwater chemistry. 
The amplitude of CAI I goes from − 0.33 to 0.48, while 
CAI II values range from –0.05 to 1.03. CAI indices reveal 
that stronger exchange reactions occur with increasing 
chloride concentrations. In contrast, both indices reach 
their minimum during the recharge period, indicating a 
significantly lesser influx of both Na and Cl through diffuse 
or preferential seawater intrusion. Due to the absence of 
groundwaters characterized by Ca–Cl or Na–HCO3 type 
hydrochemical facies (Fig. 3), representing the end members 
in groundwater evolution in (reverse) ion exchange pathways, 
respectively, it is possible to infer that reverse ion exchange 
plays a subordinate role with respect to carbonate dissolution 

in the evolution of the local groundwater chemistry. This 
is most likely due to a relatively low degree of seawater 
intrusion and mixing with fresh groundwater, even in the 
Na–Cl group, whose groundwaters are in the brackish 
water domain (Cl from 300 to 1000 mg/l), even during 
hydrological minimum. Negative values of CAI indices are 
characteristic for only a dozen samples, indicating a very 
weak ion exchange reaction.

Implications of local groundwater chemistry 
on the water supply and agriculture

Amplitudes of parameters from three hydrochemical 
groups analyzed in the scope of this study were evaluated 
with respect to the prescribed recommendations by 
the World Health Organization (WHO 1997), and the 
maximum allowed concentration prescribed by the 
Europan Union (EC 2020) and Croatian legislation (MHSS 
2008) regarding drinking water quality. Ca–HCO3 group 
exhibits all parameters within the standards (Table 5), 
the mixed group displays very high EC, TDS, Na, and 
Cl (due to variable seawater intrusion in well AB), and 

Fig. 11  Biplot diagram of 
(Ca + Mg)/(HCO3 +  SO4)
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borderline  SO4 values (seawater intrusion in AB and 
gypsum dissolution in springs Kamenice and Gusarica), 
whereas in the Na–Cl group, the most critical parameters 
are EC, Na, and Cl due to seawater intrusion.

Owing to the excellent water quality of the Ca–HCO3 
group, the island of Vis has one of the highest quality raw 
groundwater and potable water among the Adriatic and 
Mediterranean islands (Al Haj et al. 2023). There are no 
significant industrial pollution sources on the island, and 
most sewage systems are located in coastal areas (practically 
at sea level), so the exploited groundwater is subjected only 

to chlorination treatment before distribution to eliminate 
potential bacterial contamination. Groundwater from karst 
aquifers commonly exhibits high natural bacterial count 
due to the intrinsic properties of such aquifers (e.g., rapid 
infiltration, lack of soil and sediment filtration; Vučinić 
et al. 2023; Fernández-Ortega et al. 2024). Agricultural 
pollution, commonly identified by  NO3, was evidenced 
only at the Kamenice spring and well DP1 since both are 
located adjacent to agricultural areas. All water supply wells 
show very low concentrations of  NO3 (Tables 2 and 5) since 
most agricultural areas are located downstream with respect 

Fig. 12  Bivariate diagram of 
CAI I and CAI II indices

Table 5  Comparison of 
analyzed parameters with 
standards for drinking 
water. Values higher than 
recommended or allowed are 
highlighted in red

Hydrochemical group Standard
Ca-HCO3 Mixed Na-Cl WHO EC and 

MHSS
Min. Max. Min. Max. Min. Max. Threshold values

pH (-) 6.94 8.18 6.87 7.83 7.26 7.88 6.5–8.5 6.5–8.5
EC (µS/cm) 407 1058 812 5880 874 2140 1500 2500
TDS (mg/l) 369 739 748 3676 673 1320 1500 -
Ca (mg/l) 47.9 118.5 88.7 169.0 40.7 98.2 200 -
Mg (mg/l) 12.8 40.5 23.8 124.7 30.9 54.7 150 -
Na (mg/l) 16.9 53.8 28.9 902.1 91.3 279.3 200 200
K (mg/l) 0.1 44.8 0.1 51.0 2.3 25.1 200 -
HCO3 (mg/l) 213.5 467.0 247.7 438.0 196.4 368.0 600 -
Cl (mg/l) 25.5 154.8 20.0 1827.5 159.7 500.7 600 250
SO4 (mg/l) 8.4 68.6 30.0 250.1 2.5 91.9 600 250
NO3 (mg/l) 0.3 35.9 0.6 23.0 0.1 4.4 50 50
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to water supply wells. Due to the higher Cl concentration 
in groundwater at the Pizdica spring (above the drinking 
water standard of 250 mg/l), it is mixed in a ratio of 1:4 with 
groundwater from the Korita well field and K1 well.

The time series of groundwater EC in water supply 
wells BO2, BO5, and K1 versus monthly precipitation 
(measured at the meteorological station in Komiža) were 
plotted in Fig. 13. Peaks in EC values occur during the 
summer, characterized by very low precipitation, high water 
demand due to tourism, and a non-stop operational regime 
of pumping wells. In all three wells, EC drops sharply 
after the infiltration of precipitation (Fig. 13). Notably, 
the investigated period was characterized by significantly 
lower precipitation with respect to the 30-year average 
value of 745 mm/a, with 583, 638, 410, and 591 mm/a in 
the period from 2020 to 2023, respectively, whereas the 

annual groundwater exploitation remained practically the 
same throughout the investigated period.

Groundwater from wells and springs that are not included 
in the water supply system is utilized either as technical 
water (e.g., Gusarica), irrigation water (e.g., Dragevode), 
or for personal use (e.g., Kamenice). The quality of water 
for agriculture and irrigation was assessed by the Wilcox 
diagram (Fig. 14), representing the relationship between EC 
and soluble sodium percentage (%Na; Eq. 6). Samples from 
the Ca–HCO3 and the mixed group (Kamenice and Gusarica) 
plot into excellent and good categories, whereas samples 
from the Na–Cl group and AB from the mixed group span 
across good, permissible, doubtful, and even unsuitable 
categories. With the recent improvements and expansions of 
the water supply system on the island of Vis, higher-quality 
irrigation water is available to farmers. However, this raises 
many issues regarding sustainability and may lead to local 

Fig. 13  Time series of groundwater EC and monthly precipitation
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user conflicts as the intensity and frequency of droughts on 
the island increase.

Although the water supply system on the island of Vis 
meets most of the annual demand, the problem of fivefold 
summer demand still needs to be solved. Currently, the 
maximum pumping limit is imposed by the engineering 
limitation (i.e., lack of pumping capacity) rather than 
salinization hazard. Terzić et  al. (2022) suggested the 
possibility of drilling additional wells and increasing the 
pumping capacity of the Korita well field. However, such 
a measure should be accompanied by the development 
of an early warning system for seawater intrusion, ideally 
situated along the fault zones toward the E and N–NE, 
as these are the directions of the most likely advance of 
seawater–freshwater interface (Terzić et al. 2022). If the 
primary source of chlorides is seawater upconing below 
the Korita well field rather than the preferential intrusion 
via faults, high-resolution data sets of groundwater levels 
and EC should be utilized to provide sufficient evidence. 
In terms of water management, several measures could be 
undertaken to reduce the risk of water shortage during the 
peak summer months, such as drilling of a backup well (to 
bypass eventual malfunction of the existing pump/well) 
in the Korita well field, tightening of the existing water 

conservation methods, further reduction in losses from 
the water supply system, investigation of prospective areas 
for new water supply wells, and alternative water supply 
schemes (e.g., small desalination plant, revitalization of 
existing rainwater harvesting systems, and managed aquifer 
recharge; Patekar et al. 2022).

Conclusions

Detailed and long-term hydrochemical monitoring and 
analyses were done to assess the origin and processes that 
govern the composition and distribution of major ions in 
groundwater on the island of Vis. The island is autonomous 
in water supply, and groundwater resources, recharged 
solely by precipitation, face high seasonal stress due to 
an intensive pumping regime, low recharge, and potential 
quality degradation. In a long-term perspective, local 
groundwater resources will be affected by adverse effects 
of climate change through an increase in air temperature, 
seasonal redistribution of precipitation, and an increase 
in climate extremes, all of which will influence local 
evapotranspiration, infiltration, and groundwater recharge. 
During a 4-year investigation period, 376 groundwater 

Fig. 14  Wilcox diagram of 
groundwater samples
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samples from borewells, dug wells, and natural springs were 
collected and analyzed.

Three distinctive hydrochemical facies were indicated 
based on Piper and Schoeller diagrams: i) Ca–HCO3 group, 
ii) mixed group, and iii) Na–Cl group. Given the abundance 
of Ca, Mg, and  HCO3 in all three groups and local geo-
logical settings, carbonate dissolution plays a crucial role in 
defining the chemical composition of the local groundwa-
ter. Dolomite is the prevailing lithology along the western 
coast, while a mixed dissolution of limestone and dolomite 
occurs within the island’s interior and along the eastern 
coast. In the western part of the island, higher  SO4 con-
centrations in groundwater are derived from gypsum and 
anhydrite dissolution associated with the VSE complex of 
the Komiža bay. The analyses of δ34S and δ18O from  SO4 
confirm the relatively narrow extent and localized effect of 
the VSE zone in the western part of the island, whereas, in 
the central and eastern parts, the primary sources of  SO4 
are atmospheric deposition and marine contribution. A 
minor effect of dedolomitization, associated with gypsum 
and dolomite dissolution, was observed in the western part 
of the island.

Variations in Na and Cl concentrations exist across all 
hydrochemical groups. This likely reflects the influence of 
multiple factors, including mixing of seawater and fresh-
water, infiltration of marine aerosols, and atmospheric 
deposition. The highest concentrations of Na and Cl are 
observed in coastal wells and springs, where seawater pen-
etrates highly fractured and karstified rock mass, form-
ing a transitional mixing zone between fresh groundwater 
and seawater. The main aquifer from which the majority 
of high-quality groundwater is abstracted (i.e., aquifer 
tapped by the Korita well field) is an unconfined, frac-
tured and karstified carbonate aquifer, ideally situated in 
the central part of the island, where it is protected from 
significant seawater intrusion by hydrogeological barriers 
from the west (impervious VSE complex of the Komiža 
bay) and the south (infilled rock mass of very low perme-
ability below karst poljes). Still, chloride concentrations 
up to 155 mg/l indicate that a small fraction of seawa-
ter still reaches this aquifer through the main E–W fault 
(Komiža-Vis fault) or lower-order NE–SW faults, or as a 
consequence of seawater upconing, despite the presence 
of relatively watertight dolomitic intrabed in the base of 
this aquifer. The low percentage of seawater in the mixture 
(< 1% in Ca–HCO3 group and < 2% in Na–Cl and mixed 
group) indicates that seawater intrusion is not too exten-
sive even during prolonged dry periods, implying favora-
ble and balanced hydrostatic regime with relatively small 
but sufficient groundwater reserves of the island’s aqui-
fers. Moreover, seawater intrusion promotes the process of 
reverse ion exchange, where excess Na from groundwater 
is exchanged with Ca and Mg from the aquifer matrix.

The authors hope that this study will serve as a knowl-
edge basis and facilitate further development of local water 
management scheme, focusing on sustainability, safety, and 
long-term resilience. Several open issues remain follow-
ing this study, and further research should aim to perform 
continuous monitoring of EC and groundwater levels using 
data loggers, sampling of precipitation, 3D reconstruction 
and numerical modeling, as well as cost–benefit analyses of 
alternative solutions that support local water supply (e.g., 
small desalination plant, revitalization of rainwater harvest-
ing systems, or managed aquifer recharge).
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