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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• In double-flow karst aquifers, flow in 
conduits may supply solutes to the rock- 
matrix. 

• Irrigation returns, re-evaporated and 
saline waters, increase aquifer 
salinization. 

• Aquifer salinization sodifies agricultural 
soil. 

• Soil sodification is an adverse effect of 
climate change-driven drought.  
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A B S T R A C T   

Karst aquifers are globally prized freshwater sources, posing a significant preservation challenge. These aquifers 
typically exhibit dual or even triple porosities, encompassing matrix, fractures-fissures and conduits, rendering 
them highly responsive to variations in chemical characteristics and hydraulic head. In coastal regions, these 
aquifers often possess extensive subsurface conduit networks intricately linked to the rock matrix, facilitating 
groundwater discharge into the sea. Therefore, they display acute sensitivity to seawater intrusion, swiftly 
reacting to changes in precipitation and pumping regimes. This makes them exceptionally vulnerable to short- 
term meteorological fluctuations and long-term climate change. Their high heterogeneity leads to uneven 
penetration of the freshwater-seawater interface, causing rapid seawater intrusion inland over significant 
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distances. The Mediterranean region, characterized by water deficit and water stress, faces strong impacts from 
climate change, featuring a warming atmospheric trend exceeding the global average, along with diminished 
rainfall exacerbating water scarcity. Increasing water demands for agriculture, urban development, and the 
growing tourism industry, because of global change, are worsening water stress. Our primary research objectives 
were analyzing the environmental consequences of global and climate change on seawater intrusion in Medi
terranean coastal karst aquifers, with a focus on the role of the double-flow model, thus contributing to the 
understanding of the processes involved. To achieve this, we selected a study region on Mallorca Island in the 
western Mediterranean, where a karst aquifer system discharges into the sea. We employed various study 
methods, notably hydrochemical techniques and multi-isotopic analysis, encompassing the examination of 2H 
and 18O isotopes in water, 87Sr/86Sr ratio, Sr and B concentrations, and δ11B in water. A key finding is the 
rebound effect, wherein aquifers recontaminate due to solute molecular back-diffusion following cessation of 
extractions and the retreat of marine intrusion, providing insight into the impact of climate and global change on 
Mediterranean karst aquifers.   

1. Introduction 

Carbonate karst aquifers are among the most valued as a source of 
freshwater for drinking water supply (Ford and Williams, 2007; Kalhor 
et al., 2019). It has been estimated that 10 % of the world population is 
supplied by these aquifers (Stevanović, 2019), although other authors 
have provided values of up to 25 % (Smart and Worthington (2004). 
Considering that 15.2 % of the outcropping carbonate rocks are kar
stifiable (Goldscheider et al., 2020), their preservation as a water 
resource represents a crucial challenge. These hydrosystems are very 
heterogeneous and vulnerable to contamination because they are con
nected to the ground surface (Kalhor et al., 2019; Masciopinto et al., 
2021; Marín et al., 2021), and in the case of coastal aquifers subject to 
significant groundwater abstraction, they are also vulnerable to 
seawater intrusion because they are in contact with the sea (De Filippis 
et al., 2020). 

These aquifers are characterized by three types of porosity (Yadav 
et al., 2022): i) intergranular matrix porosity (primary porosity), ii) 
fracture or fissure porosity (secondary porosity), and iii) karst conduits 
(tertiary porosity). These porosity types lead to a heterogeneous distri
bution of the hydraulic conductivity of the aquifer and, accordingly, of 
groundwater flow (Mohammadi et al., 2021). These systems are known 
to have double (dual), and even triple, porosity; or in other words, they 
are double (dual) flow systems through the matrix and karst conduits 
(Reimann et al., 2011; Zhao et al., 2022). The matrix, which is charac
terized by large storage volumes of groundwater (Yadav et al., 2022), 
consists of primary porosity sensu stricto and/or fractured rock (sec
ondary porosity due to fracturing or fissuring). Throughout this matrix, 
there is a laminar flow governed by the Darcy law (Masciopinto et al., 
2021) when the matrix is equivalent to what would correspond to a 
granular type medium, or by the cubic law when it corresponds to a 
fractured medium (Ford and Williams, 2007). 

In contrast, flow through karst conduits (tertiary porosity) is usually 
turbulent (Wu and Hunkeler, 2017) and can be described, among other 
approximations, by the Darcy-Weissbach (Brown, 2003; Li et al., 2022) 
or Poiseuille (Wang, 2010) equations or, in the case of the circulation in 
cavities, by the Manning equation (White, 2016). Turbulent flow tends 
to be prevalent and largely controls the transport of ions and other 
substances in solution in groundwater in karst conduits (Ghasemizadeh 
et al., 2012). 

Water exchange between the matrix and karst conduits can be var
iable and has been the subject of numerous studies (as reported by 
Martin et al., 2006; Bailly-Comte et al., 2010; Reimann et al., 2011; 
Binet et al., 2017; Sivelle et al., 2019). This exchange is not only 
quantitatively important, but is also relevant to understand solute 
transport in these karst aquifers (Chang et al., 2019; Kresic and Panday, 
2021). Thus, during periods when the water table levels within the 
three-dimensional conduit network are higher than the top of the con
duits, groundwater flows from the conduits to the host rock matrix when 
hydraulic gradients are directed from the conduits to the rock matrix. 
This could lead to the penetration of contaminants into the matrix if the 

conduit is contaminated. Conversely, when hydraulic gradients are 
directed from the host rock towards the conduit network, the opposite 
situation may occur. Additionally, in periods when hydraulic heads fall 
below the top of conduits, the matrix could introduce contaminants into 
these karst conduits (Ghasemizadeh et al., 2012; Martin et al., 2012; 
White et al., 2016). 

The comprehensive data analysis of hydraulic heads, hydraulic pa
rameters (obtained from pumping tests), groundwater hydrochemic and 
isotopic parameters (Barbieri et al., 2005; Calligaris et al., 2018), 
together with geological data, constitute useful tools for the establish
ment of conceptual models of double porosity flow in karst aquifers 
(Goldscheider, 2015). Traditionally, the oxygen and hydrogen isotopic 
composition of the water molecule (δ18O and δ2H) has been used as a 
tracer to understand the hydrodynamics of aquifers, allowing to char
acterize, among other aspects, the recharge zone (Clark and Fritz, 1997; 
Chou et al., 2022) and water mixing processes (Clark and Fritz, 1997; 
Behera et al., 2019; Li et al., 2019). 

Simplified flow models include the piston-flow model (PFM), 
exponential-mixing model (EMM), and dispersion model (DM) (Malos
zewski and Zuber, 1996; De Waele and Gutiérrez, 2022). In karst sys
tems where conduit flow predominates, the isotopic composition of 
groundwater tends to be homogeneous, preserving the average isotopic 
fingerprint of the recharge zone if the altitude of this zone is similar, 
which agrees with a PFM-type flow model (Bicalho et al., 2019). On the 
contrary, in those karst aquifers where there is exchange between the 
matrix and the karst conduits, the isotopic composition of groundwater 
is heterogeneous, following an EMM model. However, flow in karst 
aquifers is often described as a combination of EMM and PFM models 
(Brkić et al., 2018). 

The double-flow makes karst aquifers highly dynamic and sensitive 
to variations in their chemical characteristics and hydraulic head. These 
aquifers offer a rapid response to rainfall and pumping, which makes 
them very vulnerable to short-term weather variations and long-term 
changes in climate (Long and Mahler, 2013). Karst aquifers in coastal 
areas with double-flow often have extensive and well-developed sub
surface networks of conduits that discharge groundwater to the sea 
(Beddows et al., 2007; Ford and Williams, 2007), making these aquifers 
very sensitive to seawater intrusion (Han et al., 2015; Biondić et al., 
2022). 

The high heterogeneity of these aquifers favors uneven penetration 
of the seawater intrusion, with a mixing zone moving vertically and 
laterally (Calvache and Pulido Bosch, 1997; Dokou and Karatzas, 2012; 
Xu et al., 2016, 2019), which facilitates the rapid penetration of 
seawater many kilometers inland (Werner et al., 2013). In addition, the 
double porosity may foster interface penetration into the matrix (Xu 
et al., 2018), which explains why the intrusion can persist for decades. 

The effect of climate change on the recharge pattern also has an ef
fect on the penetration of the marine wedge into karst aquifers (Roma
nazzi et al., 2015). In arid or semi-arid climates, decreased recharge 
reduces the discharge rate to the sea, leading to increased seawater 
penetration (Green and MacQuarrie, 2014; Costall et al., 2020). 

D. Puigserver et al.                                                                                                                                                                                                                              



Science of the Total Environment 912 (2024) 169246

3

Furthermore, small rises in sea level can potentially move the 
freshwater-seawater interface inland (Shi et al., 2020; Zhang et al., 
2022b), potentially penetrating kilometers in the case of karst conduits 
(Vera et al., 2012; Menning et al., 2015; Guo et al., 2020). 

Inland seawater penetration is strongly controlled by the abstraction 
regime in the aquifer (Custodio, 2012; Ferguson and Gleeson, 2012; 
Purnama and Marfai, 2012; Motevalli et al., 2018; Wu et al., 2022). This 
penetration is known as seawater intrusion and is especially significant 
in coastal regions where important tourist and industrial areas are 
concentrated such as those studied by Aureli et al. (2006). In the case of 
karst aquifers, the fact that wells abstracting the highest flow rates are 
located in the hydraulically most conductive zones (Bakalowicz, 2005; 
Wang et al., 2021), favors a rapid rise of the freshwater-seawater 
interface and the consequent formation of salt-water domes (Etsias 
et al., 2021). 

To determine the position and mobility of the freshwater-seawater 
interface, numerous geological (Zamrsky et al., 2020), hydrodynamic 
(Vallejos et al., 2015); and geophysical (Duque et al., 2008) techniques 
have traditionally been used. More recently, hydrogeochemical and 
isotopic tools are among the most widely used (Lim et al., 2013; Vallejos 
et al., 2015; Bagheri et al., 2019; Nair et al., 2021). Moreover, increas
ingly, multi-isotopic analysis of δ2H, δ18O, δ11B, and 87Sr/86Sr has been 
incorporated into the seawater intrusion characterization studies (Cary 
et al., 2015; Brenot et al., 2015). 

The freshwater-seawater interface consists of a transition zone in 
which fresh waters from the aquifer mix with those from the sea. These 
mixing waters have a certain isotopic composition in 2H and 18O ac
cording to the different mixing ratios. The original proportion of aquifer 
and sea water in the transition zone can be known from the original δ2H 
or δ18O values of each water, since the waters of this zone align along a 
straight mixing line (Mook, 2002; Capaccioni et al., 2005; Mongelli 
et al., 2013). Additionally, the use of boron and strontium isotopes al
lows to identify both hydrochemical processes occurring because of 
water-rock interaction, and processes resulting from the mixing of 
freshwater with seawater (Jørgensen et al., 2008; Langman and Ellis, 
2010; Werner et al., 2013; Mahlknecht et al., 2017). Sr concentrations 
and the 87Sr/86Sr isotope ratios are also used to determine hydro
chemical water-rock interaction processes and to identify groundwater 
sources of different origins (Frost and Toner, 2004; Ribeiro et al., 2014; 
Brenot et al., 2015; Zhang et al., 2022a). These isotopes are also used to 
characterize groundwater mixing and flow paths in the upper and 
deeper parts of karst aquifers, making them good tracers (Wang et al., 
2006). 

To study the origin of groundwater and the kinetics of hydrochemical 
reactions involving dissolved boron species in these waters, δ11B values 
are also of great utility (Cary et al., 2015; He et al., 2018; Stefánsson 
et al., 2019). Present-day seawater exhibits stable values in δ11B of 39.5 
‰ in average (Spivack and Edmond, 1987; Mao et al., 2020) and in 
87Sr/86Sr of 0.7092 (Jørgensen et al., 2008; Mao et al., 2020). Therefore, 
the δ11B - 87Sr/86Sr pair can be used as a tracer to identify water sources 
(Mao et al., 2020). In general, it is observed that Boron concentrations 
are generally higher in freshwaters than in marine waters, so the trend of 
decreasing B concentrations in groundwater of coastal karst aquifers is 
indicative of salinization by seawater intrusion (Russak et al., 2016). In 
contrast, Sr concentrations are high in marine waters and low in 
groundwater (Mahlknecht et al., 2017). In addition, seawater exhibits 
more positive δ11B values and a lower 87Sr/86Sr ratio than groundwater 
(Mao et al., 2020). 

The Mediterranean region, characterized by scarce precipitation and 
water stress, is being strongly affected by climate change (Lukač 
Reberski et al., 2020), showing a warming trend higher than the global 
average. Temperatures are predicted to increase by 2.2 ◦C by 2040 
compared to pre-industrial times, while increased evapotranspiration 
and reduced rainfall could decrease water availability by 2–15 % 
(Cramer et al., 2018). This trend, together with the increasing water 
demand for agricultural and urban development, as well as the growing 

tourism industry, is worsening water stress in the region and will in
crease further in the near future. In addition, the total population of this 
region is expected to increase by 90 million people in the next 30 years, 
reaching 611 million in 2050 (Ambrosetti, 2020). Droughts and human 
activity developed especially in the second half of the 20th century, a 
period that included the most extreme drought events of the last cen
tury, especially in the Mediterranean region (Nicault et al., 2008; Cinkus 
et al., 2023) have led to the quantitative and qualitative decline of water 
resources in the region. This, together with the sustained sea level rise 
due to global warming (Abd-Elhamid and Javadi, 2011; Ketabchi et al., 
2016), could have devastating effects on water resources and thus on 
natural terrestrial and marine ecosystems, agriculture, recreation, 
tourism, and human health. 

When two types of groundwater with different ionic strength and 
nearly saturated in calcite are mixed, the resulting solution is under
saturated with respect to this mineral, as reported by Back et al. (1979). 
This effect occurs, for example, in the coastal zone of karst aquifers in 
the case of the freshwater-saltwater interface. However, although this is 
true, studies conducted by Gulley et al. (2015) have argued that the 
main driving force behind coastal mixing solution is CO2. 

In the Mediterranean region, numerous coastal karst aquifers exist 
(Aureli et al., 2008). Their karst conduits discharge into the sea. In 
addition, numerous caves, associated with sea level oscillations, have 
developed (Antonioli et al., 2021). These endokarst structures favor the 
penetration velocity of the seawater intrusion, especially in areas where 
intense abstraction is occurring (Döll, 2002; Aureli et al., 2008). The 
decrease in aquifer recharge and sea level rise, due to climate change 
and global warming, will encourage salinization processes in Mediter
ranean coastal aquifers (Wöppelmann and Marcos, 2012; Feng et al., 
2013). 

The primary aim of this study is to assess the impact of global and 
climate change scenarios on seawater intrusion in a coastal karst aquifer 
in Mallorca, while considering the broader implications for Mediterra
nean coastal areas. Additionally, we seek to enhance our understanding 
of the underlying processes and analyze the relevance of the double-flow 
model in explaining seawater intrusion. 

Two working hypotheses were proposed in this study: 

First working hypothesis: The double-flow in coastal karst aquifers is 
an additional factor contributing to the deterioration of groundwater 
quality as the freshwater-seawater interface advances inland during 
extended drought periods or when extractions increase. 
Second working hypothesis: Although during periods of significant 
recharge seawater intrusion recedes following extreme rainfall 
events or during the cessation of extractions, back-diffusion of 
chloride and other solutes from the smaller pores in the host rock 
matrix, contaminate once again the aquifer (rebound effect). 

2. Hydrogeological framework of the Serres de Llevant-Marina 
de Llevant aquifer system 

To demonstrate the validity of the working hypotheses, a study re
gion was chosen on Mallorca Island, in the western part of the Medi
terranean Sea and off the eastern coast of the Iberian Peninsula (Fig. 1A). 
Specifically, this region includes a part of the Serres de Llevant range 
and the Marina de Llevant (Fig. 1A). Climate in the region is typically 
Mediterranean, with hot, dry summers and mild, humid winters. The 
average annual rainfall ranges between 300 and 500 mm, and the 
average annual temperatures vary between 16 and 17 ◦C, although on 
occasion it can reach 41 ◦C during the summer and 6 ◦C in winter (Ginés 
et al., 2012). Rainfall events are infrequent but intense, and approxi
mately 70 % of the annual rainfall occurs in less than 20 days. 

From a hydrological point of view, the study region constitutes the 
Serres de Llevant-Marina de Llevant aquifer system (López-García and 
Mateos Ruiz, 2003). This is an intensely karstified carbonate aquifer 
system (Giménez et al., 2014), Fig. 1A. 
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The aquifer system in the Serres de Llevant range is predominantly 
formed by unconfined carbonate aquifers consisting of Liassic and Upper 
Triassic dolostones and limestones. In the Marina de Llevant, the aquifer 
layers are formed by Miocene bioclastic calcarenites and Jurassic 

dolostones (Fornós and Gelabert, 2011). In general, the Miocene rocks 
and the upper levels of Jurassic dolostones are hydraulically connected 
and show a very high karstification degree, as evidenced by the karstic 
caves distributed along the coastline (Gràcia et al., 2011). The aquifer 

Fig. 1. (A) Location map of the study region within the context of Mallorca Island in the western Mediterranean. (B) Network of groundwater quality monitoring 
wells (water supply wells) and hydraulic head monitoring of the General Directorate of Water Resources of the Balearic Islands (GDWR-BI). Monitoring wells in 
which profiles of Temperature (T) and Electrical Conductivity (EC) variation with depth were carried out are highlighted. Transects P1 to P8 made up of hydro
chemical monitoring wells from the Serres de Llevant range to the Marina de Llevant and up to the coastline are also shown. 

Fig. 2. (A) Location of the underwater Sa Gleda-Camp des Pou cave. (B) Topography of the cave (adapted from Fornós and Gràcia, 2021) with location of the depth 
sampling profiles 1G, 2G, 3G, 5G, 6G and 7G (Table 2), as well as the rose diagram plot of fractures in the cave. (C) Detailed photograph of topographic mapping and 
fracture measurement operations (Fornós and Gràcia, 2021). 
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system is fractured, forming a network whose main fracturing directions 
are NW-SE, on which dry streams are placed, and NE-SW, parallel to the 
coastline. The natural discharge of the aquifer system into the sea occurs 
in the coastal area of the Marina de Llevant and takes place through the 
karst conduit network developed following the fracture network and its 
connection with the aforementioned caves of the coastline. 

From the group of caves distributed throughout the studied region, 
the Sa Gleda-Camp des Pou cave has been selected because of its size and 
importance (Figs. 1B, 2A, 3F). It is a karst cave developed in the Marina 
de Llevant Miocene carbonate platform (Gràcia et al., 2010) and pre
sents different galleries, chambers and conduits (Fig. 2B,C) that, ac
cording to Fornós and Gràcia (2021), are arranged more or less 
perpendicular to the predominant NW-SE direction. On the basis of the 
topography of the cave provided to date by these authors, the cave has 
an approximate development of about 14,620 m, of which 13,720 m are 
sub-aquatic and 900 m are aerial. In Fornós and Gràcia (2021) a detailed 
description of the lithological units in which the cave is carved is given. 

The monitoring network of the study region (Fig. 1B) is managed by 
the General Directorate of Water Resources of the Balearic Islands 
(GDWR-BI). This is a double network; on the one hand, it is composed of 
private and public supply wells. Although the most common monitoring 
frequency is monthly, there are also bimonthly, quarterly, and annual 
frequency of monitoring of water quality. On the other hand, the 
monitoring of hydraulic heads is carried out with a piezometer network 
that provides monthly hydraulic head measurements. 

The Serres de Llevant-Marina de Llevant aquifer system is charac
terized by two well-differentiated lithostratigraphic series, as described 
in detail by Fornós and Gelabert (2011). Fig. 3A shows the type lithos
tratigraphic series that constitute the geological framework of this 
aquifer system. 

The characteristic type series of the Serres de Llevant range (Fig. 3A) 
is made up of carbonate Mesozoic rocks. The substrate of the aquifer 

system coincides with the detachment levels represented by pelitic 
sediments with red and yellowish marls and with evaporitic layers 
typical of the Keuper facies (Upper Triassic). Above these detachment 
materials, there are Supra-Keuper (Triassic) or Infra-Lias dolostones 
hydraulically connected with limestones and strongly brecciated dolo
stones of the Lias (Lower Jurassic). The group of these hydraulically 
connected materials constitutes an unconfined (Fig. 3A) heavily 
exploited hydrogeological complex in the Serres de Llevant range 
(laterally connected with the lower part of another aquifer in the Marina 
de Llevant, see below). Transmissivity in the hydrogeological complex is 
high, varying between 200 and 700 m2/day, although there are zones in 
the Serres de Llevant range with values of up to 1400 m2/day (evidence 
of karstification of this hydrogeological complex was described by For
nós and Gelabert, 2011). The Supporting information document (SI 
document) provides data of hydraulic parameter values obtained by 
pumping tests in the study region. 

The Middle to Upper Jurassic materials are composed of alternating 
limestones and marls, thus constituting a multilayered hydrogeological 
complex (materials not shown in the type lithostratigraphic series 
Fig. 3A). Overlaying this complex, there are Cretaceous materials 
dominated by marls acting as an aquitard (not shown in Fig. 3A). Be
tween the Cretaceous and Eocene materials, there is a hiatus. Oligocene 
materials (not shown in Fig. 3A) formed by calcarenites and marls with 
interstratified levels of sandstones and conglomerates are found over
laying the hiatus (Fornós and Gelabert, 2011). The Lower and Middle 
Miocene (turbidites and calcarenites) have little continuity in the Serres 
de Llevant range and are of no hydrogeological interest (not shown in 
Fig. 3A). 

In the Marina de Llevant two important hydrogeological complexes 
exist (Fig. 3A). The first complex (lower hydrogeological complex) is 
formed by the Mesozoic basement materials (essentially made up of the 
Supra-Keuper or Infra-Lias dolostones and the most brecciated levels). 

Fig. 3. (A) Type lithostratigraphic series of the Serres de Llevant range and Marina de Llevant (adapted from Moragues et al., 2021; Fornós and Gràcia, 2021). (B) to 
(E) Photographs of rock hand samples from the studied region showing different details related to porosity (Fornós and Gràcia, 2021): (B) Tectonized dolostone of the 
Mesozoic basement, (C) conglomerates and microconglomerates of the Upper Miocene mostly supported by sandy matrix, (D) Section view of the sample in the 
previous photograph, (E) Core sample of the Santanyí bioclastic limestones. (F) Hydraulic head map of the Serres de Llevant-Marina de Llevant aquifer system (July 
2022), and geological map with the main outcropping materials and fractures. Geological legend: (a) Miocene (limestones and marls of reef facies, oolitic- 
stromatolitic limestones, silts, sandstones and conglomerates); (b) Oligocene (marls and limestones); (c) Middle-Lower Cretaceous (marls and marlstones); (d) 
Upper-Middle Jurassic (marls, marlstones and detritic limestones); (e) Lower Jurassic-Upper Triassic (marls and dolostones). 
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The second complex (upper hydrogeological complex) is formed by the 
Upper Miocene materials (principally constituted of bioclastic calcar
enites and limestones). The dolostones of the first hydrogeological 
complex have high transmissivities (between 200 and 850 m2/day) and 
lateral hydraulic connection with the unconfined hydrogeological 
complex of the Serra de Llevant range, as mentioned above. The lower 
hydrogeological complex of the Marina de Llevant is confined in some 
sectors by ochre and reddish clays with some cobbles. These materials 
act as an aquitard, and their thickness is variable, ranging between 14.5 
and 15.5 m. Above this aquitard, where it exists, there is the upper 
hydrogeological complex. When the aquitard is lacking, the Upper 
Miocene materials of the upper hydrogeological complex overlie 
directly the lower hydrogeological complex. The base of the Upper 
Miocene consists of bioclastic calcarenites, reef facies, conglomerates 
with a marly matrix (or also breccias), and interstratified calcarenite 
levels. Some of the interstratified levels of conglomerates with marly 
matrix may act locally as semiconfining levels within the upper hydro
geological complex. The Miocene sequence culminates with the Santa
nyí limestones (Fornós and Gelabert, 2011). 

In the coastline area of the Marina de Levant, where the Sa Gleda- 

Camp des Pou cave is located, it has been observed that the Mesozoic 
materials of the lower hydrogeological complex and those at the base of 
the Upper Miocene unit (bioclastic calcarenites) of the upper hydro
geological complex are laterally connected and have high trans
missivities caused by the high primary effective porosities (ranging from 
0.5 to 18 %, see the SI document) and high degree of karstification. This 
is also evidenced by the development of both exokarstic and endokarstic 
forms (Fornós et al., 2019; Ginés et al., 2021). Among these endokarstic 
forms, underwater caves located along the coastline stand out (Figs. 2, 
3F and 4, Gràcia et al., 2010, 2011). These are cavities where there is a 
zone at a determined depth in which fresh groundwater mixes with 
brackish and marine waters. 

3. Materials and methods 

3.1. Meteorological and groundwater abstractions data 

To analyze the effect of climate change on the water resources of the 
aquifer system, historical rainfall data from the weather stations 
network of the State Meteorological Agency of Spain (Agencia Española 

Fig. 4. (A) 18O and 2H plot where water samples from the monitoring wells and Sa Gleda-Camp des Pou waters sampled in July 2022 are represented (VSMOW 
standard). (B) Detailed view of the groundwater samples from the wells (local meteoric water line and evaporation lines of groundwater used in agriculture affected 
by saltwater intrusion and successive cycles of recycling of irrigation returns). (C) Detailed view of the water samples from the cave. (D) Location of the water 
samples from the wells in relation to the topography of the area (altitudes at a distance of 5 km and the coastline correspond to the Marina de Llevant, Fig. 3F). 
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de Meteorología, AEMET) in Mallorca were collected. Specifically, the 
series of historical annual precipitation data obtained from the monthly 
values of the last 90 years for three localities in the study region were 
analyzed (Manacor-Son Crespí Vell, Felanitx-Far de Portocolom, and 
Santanyí-S’Alqueria Blanca, see Fig. 1B). The impact of climate change 
on the decrease in hydraulic heads was thus evaluated. Table SI–1 of the 
SI document provides data of the periods for which rainfall records are 
available, as well as the UTM coordinates, and the station altitude 
(masl). 

The impact of global change on hydraulic heads was assessed by 
studying the evolution of groundwater abstractions for drinking water 
supply. The analysis of the relationship between these abstractions and 
the development of hydraulic head depressions was conducted consid
ering the hydrogeological complexes (aquifer units), and the water 
bodies involved (defined by the GDWR-BI). Rainfall and pumping data 
were compared with the evolution of hydraulic heads measured in the 
monitoring network for groundwater supply of the GDWR-BI. 

3.2. Groundwater sampling and profiling of EC with depth 

Different tasks were performed in wells of the monitoring network of 
the GDWR-BI and in the Sa Gleda-Camp des Pou cave (Figs. 1B, 2B) to 
obtain data for the study of the spatial and temporal position of the 
freshwater-seawater interface. These tasks were the following: i) in 
June–July 2022, in 26 wells of the GDWR-BI network, a field survey was 
undertaken for the measurement of groundwater piezometric levels, 
determination of physicochemical parameters and analyses of chemistry 
and multi-isotopes from groundwater samples in the laboratory; ii) in 
August 2022, another survey was conducted in two separate zones 
within the Sa Gleda-Camp des Pou cave at 3 different depths (above the 
halocline, at the halocline, and at the bottom of the cave) in 6 points 
taking a total of 18 water samples (Fig. 2B, depth profiles 1G, 2G, 3G, 
5G, 6G, and 7G) to determine, in the laboratory, the same parameters as 
in the well samples of the GDWR-BI monitoring network (Table SI–3 of 
the SI document shows the position with respect to the halocline of each 
of the water samples); iii) in addition, in July–September 2022, depth 
profiles of temperature (T, ◦C) and electrical conductivity (EC, mS/cm) 
of the groundwater were also recorded in piezometers of the GDWR-BI 
hydraulic head monitoring network (Fig. 1B); and iv) furthermore, 
from the historical record of wells sampled from the GDWR-BI moni
toring network, past water quality data of these were collected. The SI 
document contains the information on the sampling protocols followed 
in the monitoring network and in the Sa Gleda-Camp des Pou cave. 

For the study and interpretation of hydrochemical and isotopic re
sults obtained in the 26 wells sampled from the monitoring network, 
data were grouped according to transects subparallel to the main NW-SE 
fracturing direction (Fig. 1B), perpendicular to the coastline. Table SI–4 
of the SI document lists some of the main characteristics of the mea
surements and sampling wells. In this table, wells that exploit waters 
from the Liassic or Upper Triassic dolostones are those located in the 
Serres de Llevant range area (in fact, most of the wells located in this 
area exploit waters from these rocks), while wells that exploit waters 
from the Miocene-Mesozoic contact (calcarenites-dolostones) or from 
the Upper Miocene (calcarenites) correspond to those located in the 
Marina de Llevant (Fig. 1B). 

As for the six points at each of which three water samples were taken 
at three depths in the Cave of Sa Gleda-Camp des Pou, these were 
distributed in the northeastern and southwestern sectors along supposed 
fractures (Fig. 2B). All the samples from the cave were taken directly by 
cave diving. 

EC and T variation with depth were recorded to characterize the time 
evolution of the freshwater-saltwater interface, as well as its position 
and thickness. This task was conducted in 2002, 2012 and 2022 in 8 
wells of the hydraulic head monitoring network distributed throughout 
the study region (wells are marked in purple in Fig. 1B). The measure
ment interval varied from 10 cm to 30 cm at depths where changes in T 

and EC were observed, and from 30 cm to 50 cm at depths with constant 
values (in some cases with intervals of up to 1 m). 

Concentrations of major and minor ions and elements were analyzed 
in the 26 groundwater samples taken from the GDWR-BI monitoring 
network and the 18 samples taken from the Sa Gleda-Camp des Pou 
cave. Table 1 shows the analyses conducted and the analytical tech
niques and instrumental equipment used. The isotopic composition of 
the water molecule (δ18O and δ2H) was also analyzed (Table 1), and the 
values of the isotopic ratio 87Sr/86Sr and the value of δ11B were ob
tained. In the latter case, the sample purification was conducted at the 
LIRA laboratory of the University of Barcelona. More details on the 
purification process and analysis can be found in the SI document. 

Groundwater samples were analyzed at the laboratories of the 
GDWR-BI and at the laboratories of the Scientific and Technological 
Centers of the University of Barcelona (CCiTUB). More information on 
characteristics of techniques and protocols used are given in the SI 
document. 

4. Results and discussion 

4.1. Intergranular porosity, fracture framework system, and karst 
conduits 

The main lithologies of the hydrogeological complexes (described in 
Section 2) are characterized by high intergranular and fracture-fissure 
porosities. Fornós and Gràcia (2021) provided evidence of the high 
fracturing of the dolostones of the Mesozoic basement in the Sa Gleda- 
Camp des Pou cave (photograph B of Fig. 3), as well as of the high 
porosity of the conglomerates and microconglomerates of the Upper 
Miocene (photographs C and D of Fig. 3), and of the different moldic 
porosities of limestones, bioclastic calcarenites of the reef facies mate
rials (Upper Miocene), as for example the bioclastic limestones of San
tanyí (photograph E of Fig. 3). Furthermore, the visual analysis of the 
drill cores from the monitoring wells of the hydraulic head located in the 
Marina de Llevant has shown a large moldic porosity in the Santanyí 
limestones (Fig. 3E). 

The Serres de Llevant range has been affected by three main tectonic 
phases (Moragues et al., 2021): pre-alpine distension (Oligocene-Lower 
Miocene); alpine compression (Middle Miocene), and Miocene disten
sion (Middle-Upper Miocene). The alpine compression is constituted by 
an imbricated thrusting system majorly verging towards the NW 
(although also W and SW), whose detachment level is located in the 

Table 1 
Analyses conducted on the groundwater sampled in the control and monitoring 
network of the GDWR-BI and in the Sa Gleda-Camp des Pou cave. Techniques 
used are also included.  

Analyzed parameters, ions 
and isotopes 

Physicochemical parameters determined T, DO, EC, 
ORP and pH 

Ions and isotopes Analytical techniques 

Major anions Cl− and 
SO4

2−
High Performance Liquid Chromatography (HPLC), 
according to EPA 9056 

Major anion HCO3
− Ion Titration, according to Standard Methods 2320 

Major cations Ca2+, Mg2+, 
Na+ and K+

Inductively Coupled Plasma-Optical Emission 
Spectrometry (ICP-OES), Optima 3100, Perkin Elmer, 
Waltham, MA, USA according to EPA Method 6010D 

Minor elements Sr and B 
Inductively coupled plasma-mass spectrometry (ICP- 
MS), Elan 6000, Perkin Elmer, Waltham, MA, USA, 
according to US EPA Method 200.8 

δ18O, δ2H (water 
molecule) 

Isotopic ratio mass spectrometry (IRMS), Delta Plus 
XP2, with TCA-EA pyrolyzer and Carlo Erba 1108 
elemental analyzer; and for samples with higher 
salinity, the Picarro L2130 technique with HDS-2412 
vaporizer 

87Sr/86Sr ratio and δ11B 

Plasma mass spectrometry (ICP-MS) once purification 
of the samples at the Laboratory of Radiogenic and 
Environmental Isotopes (LIRA) of the University of 
Barcelona  
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Triassic Keuper facies materials (Sàbat et al., 2011; Moragues et al., 
2021). The Oligocene and Miocene normal faults show two main di
rections (NE-SW and NW-SE), thus constituting an orthogonal fracture 
system that compartmentalizes the study region (Fig. 3F) in horsts and 
grabens (Moragues et al., 2021). 

As the Marina de Llevant rocks are younger than the alpine 
compression, they are only affected by the Miocene distension. As a 
result of this geological evolution, the geomorphological present-day 
features are conditioned by the NW-SE and NE-SW normal faults, 
which compartimentalize the region and condition the coastline and 
main dry streams. 

The aforementioned main fracturing directions also condition the 
groundwater flow associated with dry streams (Fig. 3F), which are 
mostly oriented NE-SW and NW-SE (Céspedes et al., 2001; Giménez 
et al., 2002). In addition to the orthogonal fracture system, the mapping 
of underwater karst caves allowed the identification of other less 
penetrative fracture systems (Figs. 2B and 3F). 

In the porous host rock matrix of the Mesozoic dolostones and 
limestones forming the hydrogeological complexes of the Serres de 
Llevant range, fracture-fissure porosity (Fig. 3 photograph B) prevails 
over intergranular porosity. In contrast, in the Marina de Llevant, both 
intergranular porosity (Fig. 3 photographs C, D and E) and fracture- 
fissure porosity coexisted as host rock matrix. As a whole, the high 
intergranular and fracture-fissure porosities constitute a permeable 
network, which is hydraulically connected with the karst network of 
conduits and control the groundwater flow by double porosity (in the 
Serres de Llevant, fractures-fissures and conduits), and by triple porosity 
(in the Marina de Llevant, intergranular matrix, fractures-fissures and 
conduits). Moreover, Fig. 3F shows the main orientations of the karst 
cave alignments distributed along the coastline (rose diagrams in Fig. 3F 
show that directions are N-S, NE-SW, and NW-SE). In particular, in the 
coastal cave of Sa Gleda-Camp des Pou, the predominant directions are 
N-S and NE-SW. 

In addition to intergranular and fracture-fissure porosity, the aquifer 
system also has other underwater caves along the coastline (Fig. 3F) and 
numerous karst conduits that are often exploited by supply wells. This is 
the case, for example, with the supply wells distributed along transect P6 
in Fig. 1B. In the SI document, Fig. SI–2 shows some photographs of karst 
conduits and the different parts of the Sa Gleda-Camp des Pou cave. The 
connectivity between the karst conduits and the matrix of the host rock, 
formed by the intergranular porosity and the fracture system (which 
involves the fracture-fissure porosity), is evidenced in the piezometric 
map of July 2022 (see Fig. 3F and Section 4.2.1). 

4.2. Hydrodynamics of the system related to global and climate change 

4.2.1. Functioning of the double-flow system 
The main flow direction in the Serres de Llevant-Marina aquifer 

system is from NW to SE. The hydraulic head map of the Marina de 
Llevant, obtained on the basis of the field survey carried out in July 2022 
(Fig. 3F), showed that the zones where the dry streams are situated 
(from Serres de Llevant range to the Marina de Llevant) coincide with 
the predominant fracturing direction in the Serres de Llevant range 
(NW-SE). There is a preferential flow of groundwater along these frac
tures and dry streams. The fractures constitute a zone of weakness in the 
limestones, which causes the streams to be incised into the rock coin
ciding with zones of high transmissivity. This high transmissivity is 
attributed to the existence of karst conduits along the fractures. As a 
result, there is an exchange of groundwater and solutes between the 
matrix of the host rock and the karst conduits, which act as drainage 
lines. This behavior is similar to what was observed by Martin and 
Screaton (2001) in Florida (USA) and Doctor et al. (2006) in Slovenia. 
This exchange depends on the relationship between the hydraulic head 
and the top of the karst conduits, as Martin and Screaton (2001) 
described. Thus, in the Mediterranean climate of Mallorca Island, during 
summers and winters, periods of low rainfall and low aquifer recharge 

(or during periods of prolonged drought), hydraulic head is below the 
top of the conduit. The exchange takes place from the host rock matrix to 
the conduits because a hydraulic gradient from the porous host rock 
matrix to the karst conduits is in place (Martin and Screaton, 2001), 
including the host rock matrix connected to the karst conduits at the 
freshwater-seawater interface (Neven and Sorab, 2021). This proves that 
the double-flow in coastal karst aquifers is an additional factor 
contributing to the deterioration of groundwater quality as the 
freshwater-seawater interface advances inland during extended drought 
periods or when extractions increase, which demonstrates the validity of 
the first working hypothesis (see in the SI document Figs. SI–4 and SI–5 
with two examples of the evolution over time of chloride concentrations 
as a result of the saltwater intrusion process). Conversely, when the 
hydraulic head rises above the top of the conduits during periods of 
heavy rainfall (especially when extreme events occur), karst conduits 
can transfer water and solutes into the host rock matrix, causing a 
generalized rise in hydraulic heads in a short time interval (Martin and 
Screaton, 2001). This increase does not last for a long time as the karst 
conduits quickly drain the groundwater and the hydraulic heads drop 
back below the top of the conduit, which reverts these conduits back to 
drainage lines (Martin and Screaton, 2001). 

Fig. 4A shows the isotopic composition of the water molecule (δ18O 
and δ2H) of groundwater samples from 26 wells of the GDWR-BI 
network in the study region and from the Sa Gleda-Camp des Pou cave 
waters. Fig. 4B is a close-up view of a portion of Fig. 4A corresponding to 
the GDWR-BI network well waters. This figure also provides evidence 
for the existence of the piston-type model in the Serres de Llevant- 
Marina de Llevant aquifer system. Thus, in addition to most of the 26 
wells in Fig. 4B aligning along the local meteoric water line (δ2H = 7.9 
δ18O + 12.5), it would be noted that groundwater of many of the sam
ples from wells located in the Serres de Llevant range are grouped in the 
same elliptical area of the local meteoric water line in Fig. 4B. In this 
area of the figure, dispersion in the isotopic values is little, varying from 
− 6.2 to − 5.5 ‰ in δ18O (Δδ = 0.7 ‰), and from − 35 to − 31.1 ‰ in δ2H 
(Δδ = 3.9 ‰), and therefore showing similar recharge elevations. 

This agrees with the fact that the recharge elevations in the Serres de 
Llevant range have low variability, oscillating from 200 to 400 
(although in some places it is up to 500 m). An altitude recharge line of 
groundwater as a function of the isotopic composition of water sampled 
in the 26 wells of the GDWR-BI monitoring network was not available. 
However, map of Fig. 4D, which plots the location and topographic 
elevation where these wells were drilled, combined with the δ18O and 
δ2H values of these groundwaters allowed us to differentiate two clusters 
of wells in the Serres de Llevant range. Firstly, the wells closer to the 
higher elevation zones (such as the wells with code numbers 8, 11, 12, 
18, and 25 in Fig. 4D) are those whose groundwaters are characterized 
by lighter isotopic signatures in the elliptical area of Fig. 4B, similar to 
what was observed by Carmona et al. (2004) and Sappa et al. (2018). 
Secondly, there are wells located at lower topographic elevations (and 
whose groundwaters are not mixed with marine waters), which are 
aligned along the local meteoric water line in the elliptical area of 
Fig. 4B showing heavier isotopic compositions; these are the wells with 
codes 2, 3, 4, 7, and 26 in Fig. 4D. The fact that these are heavier 
groundwaters indicates that they are fed by lower elevation recharge 
zones. The uniformity in the recharge altitude of groundwater of each of 
the two groundwater clusters and the well-defined karst conduits, 
fractures and fissures of the Serres de Llevant range suggest that the flow 
follows a piston-type model. In the zones where these waters have been 
recharged, the conduits collect the precipitated rainfall, and with a 
similar velocity and little mixing between waters (Balacco et al., 2022), 
they conduct groundwater towards the Marina de Llevant. 

In the case of the Marina de Llevant, among the wells whose waters 
do not result from mixing with seawater, those of codes 3, 5, 6, and 23 
(Fig. 4B,D) stand out because they are wells whose waters are heavier 
than those in the Serres de Llevant range. The great variability in the 
isotopic composition of these waters indicates that they proceed from 

D. Puigserver et al.                                                                                                                                                                                                                              



Science of the Total Environment 912 (2024) 169246

9

recharge zones located at different altitudes in the Serres de Llevant and 
the Marina de Llevant, similar to what was observed by Bryan et al. 
(2020) in coastal aquifers in western Australia. These would be waters 
that in some cases have been recharged in the Serres de Llevant range 
but mixed with waters recharged in the Marina de Llevant at altitudes 
ranging between approximately 50 and 20 m (Fig. 4D). This also occurs 
in samples showing mixing in different proportions with seawater, as the 
mixing lines start from waters recharged at different elevations 
distributed along the local meteoric water line, according to Clark 
(2015). This pattern demonstrates that in the Marina de Llevant the flow 
model results from a combination of a piston-type flow through the karst 
conduits in the Serres de Llevant range and an exponential mixing-type 
flow (Fig. 4B), since the karst conduits in the Marina de Llevant receive 
groundwater from the host-rock matrix through the intergranular 
porosity connected with the fracture-fissuring network (Fig. 3B,C,D,E), 
resulting in a double-flow model. 

Moreover, since these porosities are high, due to the nature of the 
host rock, the pore throat size does not necessarily have to be homo
geneous. Thus, in the case of intergranular porosity, it consists of two 
types of pores: i) well interconnected pores through which solutes 
transported by groundwater freely move with predominantly advective 
flow, and ii) smaller and not so well interconnected pores (fine porous 
matrix), through which groundwater flows much more slowly, and even 
extremely slow, for example, through micropores partially or totally 
filled with clays. Solutes reach these pores with a dominantly diffusive 
flow concentration-gradient driven and described by the Fick’s First law. 

The existence of the double-flow model is also evidenced in Fig. 4C, 
where the variability of the δ18O and δ2H values of waters of the Sa 
Gleda-Camp des Pou cave is presented. Thus, in the southwestern sector 
of the cave (Fig. 2B), where waters are less saline than those of the 
northeastern sector, these are grouped in the area corresponding to the 
groundwater of the Marina de Llevant in Fig. 4C,D. In contrast, waters of 
the northeastern sector are more saline and heavier. Furthermore, in this 
sector, it is observed that waters with the same salinity (i.e., with the 
same mixing percentage with seawater) have been recharged at different 
altitudes (because they have different positions on the local meteoric 
water line), which agrees with the double-flow model. 

4.2.2. Hydraulic head evolution and effects of global and climate change on 
the groundwater availability 

The annual rainfall evolution in the AEMET weather stations (WS) of 
the study region (Fig. 5A: WS-A1, WS-A2, and WS-A3) shows how, 

during wet years, the decrease in rainfall was more significant than in 
non-wet years, ranging between 150 and 250 mm in the wet years, and 
between 20 and 100 mm in the non-wet years. Regarding the signifi
cance of this decline, the analysis of rainfall data for the period 
1950–1975 in the three WS within the study region revealed that the 
average rainfall during wet years constituted 73 % of the total rainfall. In 
contrast, this proportion had declined to 56 % for the period 1950–1975 
and further decreased to 49 % for the period 1976–2021. Additional 
details on this calculation are provided in the SI document. These de
clines in annual rainfall are a consequence of climate change, consid
ering that they are the result of an analysis based on a time data series 
from three weather stations across the study region (see Fig. SI–1 in the 
SI document the statistical differences in annual rainfall between the 
three weather stations used) covering continuous observations between 
70 and 90 years up to the present, and corroborate what was already 
observed by Homar et al. (2010) on the scale of the whole island and are 
consistent with a significant decline in the recharge of the hydro
geological complexes. 

Fig. 5A also shows differences in the decrease in annual rainfall be
tween the AEMET weather stations located in the Serres de Llevant 
range in Manacor (Sant Crespí Vell, WS-A1) and to a lesser extent in 
Felanitx (Far de Porto Colom, WS-A2), compared to the station located 
in the Marina de Llevant in Santanyí (S’Alqueria Blanca, WS-A3). Thus, 
during the wet years, more rainfall was observed in the Serres de Llevant 
range than in the Marina de Llevant (Fig. 5A, WS-A1 and WS-A3, 
respectively). In contrast, in the non-wet years, no significant differ
ences were appreciated between the Serres range and the Marina de 
Llevant (see Table SI–2 in the SI document). In Fig. 5A, weather stations 
WS-A1 and WS-A3 also show how the annual rainfall in the area of 
Manacor village (WS-A1), north of the study region, is higher than the 
rainfall recorded in Santanyí, located south of the study region, and 
therefore, the recharge in the latter area was lower. 

To analyze the time evolution of the groundwater abstractions in 
Marina de Llevant (mostly intended for drinking water supply, and 
especially for the tourism sector, which is very significant in the Marina 
de Llevant), the territory was structured and divided into six water 
bodies managed by the GDWR-BI (Fig. 5B), and according to the terri
torial and hydrogeological criteria indicated in Section 3.1. Fig. 5C1 
presents the evolution of these abstractions for the study region (Serres 
de Llevant range and Marina de Llevant). Although it should be 
considered that in 2020 and 2021, tourism activity in the coastal areas 
was lower due to the COVID pandemic, the figure shows that 

Fig. 5. (A) Evolution of annual rainfall in the AEMET weather stations in the study region: (WS-A1) Son Crespí Vell (Manacor), (WS-A2) Far de Porto Colom 
(Felanitx), (WS-A3) S’Alquería Blanca (Santanyí). (B) Hydraulic head map of the study region (July 2022) and the geographical limits of the water bodies managed 
by the GDWR-BI. (C) Time distribution of groundwater abstractions in all water bodies of the study region (C1), in the water bodies of the Serres de Llevant range 
(C2) and in the water bodies of the Marina de Llevant (C3). 
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abstractions were progressively increasing from 2000 to 2015, 
increasing afterwards until the pandemic (Fig. 5C1). However, the in
crease was especially significant in water bodies 1820 M1 and 1820 M2 
(Fig. 5C3), in the south of the Marina de Llevant (from 2000 to 2019), 
where significant hydraulic head depressions formed (similar to de
pressions in 2022, Fig. 5B). Related to this, the hydraulic head map of 
Fig. 3F shows how these major depressions are located in areas where 
karstic conduits occur (following the trace of supposed faults-dry 
streams), similar to what was observed by the models of Kresic and 
Panday (2021). From 2020 to 2021, the pumping extraction drastically 
decreased due to the COVID pandemic effect (Fig. 5C1). 

A similar analysis of abstractions was performed in the case of the 
Serres de Llevant range (water bodies 1819 M1 and 1819 M2, 1818 M2 
and 1818 M3). Fig. 5C3 shows that abstractions increased from 2000 to 
2015 and subsequently decreased. The time evolution of the hydraulic 
heads in the wells of the GDWR-BI level control network is characterized 
by the effect of climate change (manifested, for example, through 
decreased recharge) and global change (manifested, for example, 
through increased abstractions) on the values of the hydraulic heads. 
Thus, the hydraulic head control wells located in the Serres de Llevant 
range, which are closer to the water recharge zone, showed greater level 
oscillations than those located in the Marina de Llevant. 

During wet years in the Serres de Llevant range, the recorded level 
oscillations varied between 0.9 and 1.5 m, while in dry years, they 
oscillated between 1.5 and 2.5 m. A progressive increase in these os
cillations up to 2017 is visible, which is associated with the progressive 

increase in the abstractions in the Serres de Llevant range (Fig. 5C2). 
In contrast, in the Marina de Llevant, the piezometric level oscilla

tions in the upper and lower hydrogeological complexes (see in Section 
2, the Marina de Llevant study region) were smaller given the proximity 
to the natural discharge zone, corresponding to the coastline (Srzić et al., 
2020). The upper hydrogeological complex has maintained fairly con
stant level oscillations since 2010 (ranging between 0.25 and 0.3 m, 
Fig. 6A2), coinciding with a sustained hydraulic head recovery as a 
result of the decrease in abstractions as a consequence of the quality 
decline of groundwater resources in the area monitored by section S22-A 
of monitoring well S22 (this monitoring section corresponds to the 
upper hydrogeological complex, see figure caption of Fig. 6A). In 
contrast, in the lower hydrogeological complex, oscillations increased, 
especially in dry years (varying between 0.3 and 0.4 m) and coincided 
with a progressive decrease in maximum and minimum hydraulic heads 
(see in Fig. 6A1, the hydraulic head oscillation in the corresponding 
section of the monitoring well, S22–B). This progressive decrease in 
levels is associated with the increase in abstractions recorded in the 
Marina de Llevant, especially in the 1820 M1 and 1820 M2 water bodies 
(Fig. 5B). The first water body is where the control well S22 is located 
and, together with the second water body, is where significant pumping 
depressions have been detected (Figs. 3F and 5B). 

Fig. 6. (A) Time evolution of piezometric levels in monitoring well S22, located in the Marina de Llevant (Santanyí area). This monitoring well controls, in addition 
to the piezometric levels, the electrical conductivity with depth of the unconfined upper aquifer (upper section S22-A of this well) and the lower aquifer (deep section 
S22–B of the well). The lower aquifer is confined in the Santanyí area by a 15 m level of clays (see Section 2). (B) Map of electrical conductivitiy of the Marina de 
Llevant (July 2022). (C) Time evolution of electrical conductivity log profiles in three selected monitoring wells: C1 (S22), C2 (S20) and C3 (SS-L5). 
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4.3. Seawater intrusion in the Serres de Llevant-Marina aquifer system 

4.3.1. Position of the freshwater-seawater interface and evolution over time 
The map of the electrical conductivity in July 2022 in the Marina de 

Llevant (Fig. 6B) reveals the spatial distribution of the penetration of the 
freshwater-seawater interface. This map highlights an uneven penetra
tion of the interface and the relationship of this penetration with the 
degree of abstraction of the hydrogeological complexes. Thus, the 
greatest interface penetration (Fig. 6B) occurred in water body 1820 M1 
(Fig. 5B) where the following elements converged to explain this major 
penetration of the interface: i) a progressive increase in groundwater 
abstractions was recorded to date (Fig. 5B3), ii) rainfall has been 
declining (Fig. 5A3), iii) significant hydraulic head depressions occurred 
(Fig. 5B), and iv) salt-water domes have formed (Fig. 6B), similar to 
what was observed by Panthi et al. (2022). 

Furthermore, EC log profiles with depth corresponding to the 
monitoring well S22 (Fig. 6C1), located in the water body 1820 M1 
(Fig. 5B), shows how the mixing zone between freshwater and seawater 
in the upper hydrogeological complex (monitoring well section S22-A) 
was situated between 43 and 66 m depth (23 m thick) in July 2022. 
The position of the interface is similar as in 2002 (Fig. 6C1), which 
agrees with the mentioned progressive level recovery (Fig. 6A2) that 
occurred in this monitoring well because of the suspension of abstrac
tions in the area (see Section 4.2.2). In contrast, the EC log profile in the 
deep hydrogeological complex (Fig. 6C1) monitoring well section 
S22–B shows that the mixing zone is located between 94 and 122 m 
depth (28 m thick), therefore at a shallower depth than in 2002, in 
accordance with the increased abstraction of the deep hydrogeological 
complex in this area (see Section 4.2.2) and with the progressive decline 
in levels of this hydrogeological complex (Fig. 6A1). All this leads to the 
freshwater-seawater interface penetrating more than 8 km from the 
coast. 

Water body 1820 M2 (Fig. 5B) is another sector where a clear 
penetration of the freshwater-seawater interface was detected (Fig. 6B), 
preferentially through a strip in which there was strong abstraction and 
where a significant and generalized hydraulic head depression accom
panied by salt-water domes was detected (Figs. 3F and 6B, respectively). 
The EC log profiles with depth in the SSL-5 monitoring well located in 
this zone (Fig. 6C3) also revealed the occurrence of two depth intervals 
of different thickness corresponding to two water mixing zones: one 
corresponding to the upper hydrogeological complex (located between 
59 and 61 m) and the other to the deep hydrogeological complex 
(located between 67 and 71 m depth). In both cases, the thickness of the 
mixing zone was lower than in the case of the EC log profile of moni
toring well S22. This would indicate that the SSL-5 monitoring well 
intercepts two karst conduits, hence two depth intervals with high 
transmissivity. The medium is very heterogeneous in the surroundings 
of this monitoring well, with recorded transmissivities of up to 2500 m2/ 
day. These high transmissivities favor a significant interface penetration 
and mixing zones of smaller thickness (Custodio, 2013) than in S22, 
where the EC log profile of monitoring well S22 (Fig. 6C1) displayed 
thicker mixing zones (23 and 28 m thick in the upper and deep hydro
geological complex, respectively) and lower transmissivity, according to 
the fact that this monitoring well was excavated in a host rock in which 
the matrix porosity was of intergranular and fracture-fissure types. 

In Fig. 6C3, the EC log profile of monitoring well SSL-5 also shows 
that, unlike what was observed in section S22-A (upper hydrogeological 
complex) of monitoring well S22, the freshwater-seawater interface in 
the upper hydrogeological complex is at a shallower depth than in 2002 
and 2012, indicating greater penetration of seawater intrusion. On the 
contrary, in the deep hydrogeological complex, in 2002, the interface 
was at a shallower depth (64 m) than in 2022 (78 m), indicating that, in 
this latter case (Fig. 6C3), the intrusion had moved to the coast. This is in 
accordance with a decrease in the abstraction of the unconfined dolo
stones and limestones hydrogeological complex of the Serres de Llevant 
range. This highlights the good hydraulic connectivity between the 

hydrogeological complex of the Mesozoic basement (Serres de Llevant 
range) and bioclastic calcarenites of the Miocene (Marina de Llevant, see 
Section 2). 

In the past when the seawater intrusion began to advance inland in 
this sector of the Marina de Llevant, a concentration gradient of solutes 
(including chloride) occurred. This gradient was established between 
the saltwater in the well-interconnected pores of the zone, which were 
already invaded by seawater, and the still unaffected water in the pores 
whose pore throat size was smaller and less well-interconnected (see 
Section 4.2.1). Similarly, another analogous concentration gradient was 
established at the contact between the saline intrusion advancing front 
and the host rock still unaffected by the intrusion. These gradients 
resulted in the solutes, including chloride, penetrating into the host rock 
matrix by molecular diffusion and being stored within the finer porous 
matrix. 

During prolonged drought periods, such as those already occurring 
because of climate change (see Section 4.2.2), the deficit in aquifer 
recharge increases the progression of the seawater intrusion process. 
This is an adverse environmental impact resulting from the coupling of 
climate change and global change (high abstractions due to the need to 
provide water of suitable quality to meet the needs of the tourism and 
agricultural sectors) that is aggravated by the double porosity charac
teristic of the double-flow model along the conduits and through the 
porous host-rock when saltwater advances inland (see the first 
hypothesis). 

Furthermore, in addition to the mentioned prolonged droughts, the 
climate change scenario for the Mediterranean region foresees the 
occurrence of extreme rainfall events (Teotónio et al., 2020) (in fact, 
they are already occurring on a regular basis). In such events, there is an 
increase in recharge and a subsequent regression of seawater intrusion. 
In this case, the flow of fresh groundwater to the sea results in a chloride 
flushing of the well-intercommunicated pores of the double porosity. 
However, this is not the case for the finer pores, where a substantial 
amount of chloride and other solutes remains trapped within. These 
solutes slowly mobilize through molecular back-diffusion contaminating 
the well-connected pores. This refers to the rebound effect, which occurs 
when back-diffusion is overlooked when designing the aquifer remedi
ation. This is what observed Puigserver et al. (2013, 2016, 2022) in 
aquifers in granular media with different hydraulic conductivities, and 
Syafiuddin et al. (2020) and Guo et al. (2021) in karst aquifers. As a 
result of the rebound effect, abstraction wells continue to extract 
groundwater with concentrations exceeding the allowable limits for the 
intended purposes. Fig. SI–4 in the SI document illustrates the back- 
diffusion process in the upper hydrogeological complex in the Marina 
de Llevant. In this case, a sustained decrease in chloride concentrations 
was observed in a well from the GDWR-BI monitoring network. This 
decline coincided with a reduction in groundwater abstractions from the 
hydrogeological complex. Although these abstractions were not 
completely eliminated, they were significant enough for hydraulic heads 
to begin to recover (see Fig. 6A2). From Jun-20, there was a progressive 
increase in chloride suggesting that the cause was the back-diffusion 
process (rebound effect) as seawater intrusion retreated, thus confirm
ing the second working hypothesis. Again, these adverse effects result 
from the interaction of climate change and global change in Mediter
ranean karst areas. 

4.3.2. Hydrochemical facies and processes associated with seawater 
intrusion 

Hydrochemical facies of groundwater in the Serres de Llevant- 
Marina aquifer system varied from calcium bicarbonate or calcium 
bicarbonate-chloride (Fig. 7A, facies set 1) to calcium‑magnesium bi
carbonate or calcium‑magnesium bicarbonate-chloride (Fig. 7A, facies 
set 2) in the case of the Serres de Llevant range. Regarding the Marina de 
Llevant, facies varied from calcium-magnesium bicarbonate-chloride to 
sodium chloride (Fig. 7A, facies set 3), the latter being those with a 
higher percentage of water from seawater intrusion (or salt-water 
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Fig. 7. (A) Piper plot of groundwater sampled along transects perpendicular to the coastline in the flow direction (Fig. 1B). (B) Evolution of ionic ratios: base 
exchange index (bei), calculated as (rCl-r(Na + K))/rCl; rNa/rCl; rCa/rCl; rMg/rCl, and (r(Ca + Mg)/rCl) as a function of distance from the coastline. (C) Evolution of 
Na+, Ca2+ and Mg2+ concentrations with respect to Cl− concentration. 
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domes) and subjected to successive evaporation-re-evaporation cycles of 
irrigation returns. 

The calcium bicarbonate to calcium‑magnesium bicarbonate nature 
(facies sets 1 and 2 in Fig. 7A) is evidence of interaction with Jurassic 
limestones and dolostones, respectively. The fact that groundwater 
without seawater intrusion has a certain chloride character is related to 
the recharge zone of the aquifer system being very close to the coast with 
a contribution from marine aerosols. 

Fig. 7A also shows that the hydrochemical transects P6, P7, and P8, 
from Serres de Llevant range to Marina de Llevant (Fig. 1B), had a higher 
proportion of samples with a larger percentage of mixing with seawater. 
These transects are located to the south of the study region, and the 
following elements converge in them: i) greater number of hydraulic 
head depressions (Fig. 3F), ii) higher abstraction, and iii) higher salinity 
(Fig. 6B). The Schoeller-Berkaloff plots (Fig. SI–3A) show how, in the 
water body 1818 M2 (Fig. 5B) of the Serres de Llevant range, a control 
well had a higher sulfate content (sulfate hydrochemical facies set 4, 
Fig. 7A), which suggests that groundwater interacted with Triassic 
materials of the Keuper facies. Fig. SI–3B shows how seawater intrusion 
affects wells located in the Serres de Llevant range, coinciding with the 
formation of salt-water domes caused by the concentration and over
lapping of pumping cones (Fig. 6B). 

Piper and Schoeller-Berkaloff diagrams indicate the occurrence of 
cation exchange between Na+ in the sodic clays of the wedge for Ca2+

and Mg2+ in the clays of the aquifer in sectors affected by seawater 
intrusion as the wedge advances inland and invades the aquifer (Sun 
et al., 2023), since Na+ is not in equilibrium during the process of 
seawater intrusion advance. 

In the case of the Sa Gleda-Camp des Pou cave, the predominant 
hydrochemical facies was sodium chloride, with no cation exchange 
processes observed. Thus, Fig. SI–3D shows how Na+ and Cl− are in 
equilibrium, as it is a cave with less interaction with clayey materials. In 
addition, as the water mineralization degree increases as a result of a 
higher proportion of mixing with seawater, the bicarbonate concentra
tion decreases (Fig. SI–3D). 

Fig. 7B1,B2,B3 shows the evolution of the ion ratios along the 
hydrochemical transects from the Serres de Llevant range to Marina de 
Llevant following a flow line at increasingly closer distances to the 
coastline (Fig. 1B). As for the base exchange index, it is calculated as 
follows: bei = (rCl-r(Na + K))/rCl (r being the ion concentration in meq/ 
L, Custodio and Llamas, 1983). This parameter tends to increase from 
inland to the sea in most of the transects (Fig. 7B1). This agrees with a 
gradual water hardening towards the coastline as a result of the 
increased percentage of mixing with seawater, in a similar way as 
observed by Han et al. (2015). More information on base exchange is 
given in the SI document. 

Fig. 7B2 shows that the rNa/rCl ratio did not show significant 
changes between the transects in sectors where freshwater dominated 
and where seawater intrusion was detected (transects P3 and P4). In 
contrast, a significant decline in the rCa/rCl ratio was detected in the 
same transects. The figure reveals that changes also occurred as the 
percentage of freshwater mixing with seawater increased. In the same 
figure, it is observed how, towards the coast, the rNa/rCl ratio showed a 
tendency to decrease, while the rCa/rCl ratio tended to increase as a 
consequence of the cation exchange (described in Eq. 1 in the SI docu
ment). This process was also observed in Fig. 7C2, C3. Thus, whereas a 
practically linear relationship existed between Na+ and Cl− (Fig. 7C1), 
the Ca2+ and Cl− relationship was asymptotic, especially with higher 
water Cl− concentrations (Fig. 7C2 in P4 and P8). This indicates that the 
higher the Cl− concentration, the more the Ca2+ concentration increases 
above expected values due to cation exchange of Na+ for Ca2+ according 
to Eq. 1 (SI document). 

The cation exchange process was also evidenced from the evolution 
of the ionic ratios rMg/rCl and r(Ca + Mg)/rCl as a function of distance 
from the coastline (Fig. 7B3), which is similar to that described for the 
rCa/rCl ratio (Fig. 7C2). The plot of Mg2+ concentrations with respect to 

Cl− (Fig. 7C3) reveals the occurrence of cation exchange of Ca2+ and/or 
Na+ with Mg2+ (according to Eqs. 2 and 3 in the SI document). plot of 
Fig. 7C3 displays that Mg2+ concentrations of samples from transects P3 
and P6, which showed seawater intrusion (Fig. 7C3), are situated above 
the asymptotic trend in the evolution of Mg2+ concentrations with 
respect to Cl− . This coincides with a lower Ca2+ and Na+ concentration, 
which suggests the existence of cation exchange according to Custodio 
and Llamas (1983) and Appelo and Postma (2004). 

4.3.3. Evaporation processes of irrigation waters and mixing lines with 
seawater 

Groundwater samples collected from wells exploiting the upper 
hydrogeological complex in the water bodies 1820 M1 and 1820 M2 of 
the Marina de Llevant (Fig. 5B) are represented in Fig. 4B. Although 
most of waters of that figure are aligned along a local meteoric water 
line, some of them, which because of their chloride chemical composi
tion show signs of salinization, are well aligned along two parallel 
evaporation lines. The analytical expressions for these evaporation lines 
are δ2H = 2.14 δ18O -18.72 (line L1) and δ2H = 2.14 δ18O -17.25 (line 
L2). Intercepting both lines with the local meteoric water line gives the 
isotopic composition of the original groundwater before evaporation. 
The isotopic compositions of the original groundwater would corre
spond to those of the recharge at slightly different elevations. Ground
water along lines L1 and L2 (evaporation lines Fig. 4B) correspond to 
water for agricultural use and, to a less extent, for water supply. This is 
evidence of an increase in water salinity occurring in water bodies 1820 
M1 and 1820 M2 (Fig. 5B) as a result of the re-infiltration of evaporated 
water of increasingly heavier isotopic character after repeated 
irrigation-reinfiltration cycles (irrigation returns, because of the use of 
the flooding method as the irrigation system). This highlights that the 
good connectivity in the upper hydrogeological complex of the Santanyí 
Miocene limestones favors the rapid recharge of the complex with water 
from irrigation returns (more saline, re-evaporated and re-infiltrated), 
which increases the salinization of the hydrogeological complex. 
Furthermore, this also leads to salinization of agricultural soil, similar to 
what was observed by Ahmed et al. (2013). The sodium adsorption ratio 
(SAR) is a standard parameter for the quality of water used for agri
cultural irrigation that is also used to diagnose the sodicity risk of an 
agricultural soil. The SAR is calculated as follows: rNa/[(rCa + rMg)/ 
2](1/2) (with r meaning meq/L). When the SAR of an agricultural soil 
reaches or exceeds a value of 13.0, it is at risk of sodification (USDA, 
2012; Aboelsoud et al., 2022; Surinaidu et al., 2023). When this occurs, 
the soil may show an increase in the dispersion of particulate organic 
matter and clay particles. This leads to a decrease in saturated hydraulic 
conductivity, and therefore in soil aeration. All this results in the 
degradation of the soil structure. In the Marina de Llevant, the SAR value 
of 13.0 is exceeded in the transect wells located in water bodies where 
large volumes of groundwater were abstracted (Fig. 5B) accompanied by 
strong upwelling of salty or brackish water due to the formation of salt- 
water domes (Fig. 6B). These are mainly transects P8 and P7 (Fig. 6B), in 
water body 1820 M1 (Fig. 5B), and transect P6 (Fig. 6B), in water body 
1820 M2 (Fig. 5B). The calculated SAR values in wells of these transects 
were above 13.0, ranging from 17.2 to 31.6 (with a mean value of 20.7). 
In the remaining sampled wells in the eight transects, SAR values were 
below 13.0, ranging from 1.6 to 11.0 (with a mean value of 3.1). 
Accordingly, high SAR values above the value of 13.0 in the Marina de 
Llevant represent a significant negative environmental impact, as it in
validates the productive possibilities of the agriculture soil. This, put in 
context, is yet another negative environmental impact caused by global 
and climate change-induced drought. 

As for water samples collected at the six sampling profiles at different 
depths (three samples at each depth profile) in the Sa Gleda-Camp des 
Pou cave (Table 2), Fig. 4C shows how these waters align along a mixing 
line with seawater; the equation of this mixing line is δ2H = 6.13⋅δ18O +
3.6, in accordance with Han et al. (2015). In addition to the mixing line, 
Fig. 4C also shows the local meteoric water line. The intersection of both 
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lines gives the original isotopic composition of the cave water (δ18O =
− 5.4 ± 0.024 ‰ and δ2H = − 31.6 ± 0.024 ‰), not yet mixed with 
marine water (for a seawater that in this part of the coastline has a δ18O 
of 1.2 ‰ and δ2H of 8.59 ‰) (Dumitru et al., 2017). 

Table 2 shows that the southwestern sector of the cave complex had a 
lower percentage of mixing with seawater than the northeastern sector 
(Fig. 2B). This is related to fresh groundwater discharges, which are 
more important in the southwestern sector. Fig. 2B shows the location of 
the six sampling profiles with depth (three water samples in each pro
file), distributed in the cave complex and according to the existing 
fracture network. This figure shows how the Sa Gleda 2 profile (samples 
F1-M4 to F1-M6) was located next to the intersection between the 
subparallel contact to the coastline formed by Miocene and Mesozoic 
rocks and a NW-SE fracture. As previously stated in Section 4.2.1, this 
fracture direction is one of the main directions of the karst conduits 
acting as drainage lines, representing the preferential discharge path
ways of groundwater, and corresponds to a karst conduit. In the case of 
Sa Gleda 3 (samples F1-M7 to F1-M9), the lower percentage of mixing 
with seawater (Table 2) is related to the fact that in addition to being 
located close to the direction of the previously mentioned karst conduit, 
it is located downstream of a fracture subparallel to the coastline and is 
also located in an area with high porosity, as shown in Fig. 2B. 

On the contrary, in the northeastern sector (Fig. 2B), following the 
NW-SE fracturing direction, only one fracture was identified, which 
intersects mostly with N-S fractures, resulting in a lower groundwater 
discharge from the aquifer. Moreover, the topography of the cave-karst 
conduits shows that these conduits are narrower in that sector, which 
globally corresponds to a lower porosity-permeability of the medium 
and, therefore, a lower transmissivity. 

4.3.4. Variation of δ11B and of 87Sr/86Sr in regard to seawater intrusion 
The groundwaters of the Serres de Llevant-Marina de Llevant aquifer 

system have a variable boron isotopic composition (δ11B) in terms of 
their relationship with seawater intrusion and irrigation water recy
cling. Thus, in Fig. 8A3, two groups stand out, a first groundwater group 
(Group 1) characterized by low EC (waters that do not exhibit seawater 
intrusion) and have a δ11B isotopic composition of low variability (be
tween 38 and 40 ± 0.37 ‰). A second group (Group 2) displayed EC 
varying between 3000 and 6300 μS/cm, values that are influenced by 
seawater intrusion. In addition, significant variability in the boron 

isotopic composition occurred (with δ11B values ranging between 37 
and 47 ± 0.37 ‰), which coincided with the waters aligning along line 
L1 mentioned above (see Section 4.3.3 and Fig. 4B). This is related to the 
fact that the EC is not only associated with water mixing but also with 
the recycling degree of re-infiltrated water. In addition, the existence of 
boron from different sources, including fertilizers, cannot be discarded 
(Bielski et al., 2020) as discussed below. Group 3 of Fig. 8A3 corresponds 
to groundwater with high seawater influence, associated with salt-water 
domes as a result of the occurrence of clustering and overlapping of 
pumping cones located inland (Figs. 3F and 6B). Although in Fig. 8A2, 
the same water groups were identified, it should be noted that Group 2 
exhibited greater variability in boron concentration than the other 
groups. This confirms that these are waters that, in addition to being 
mixed with seawater, experienced repeated recycling cycles and became 
very heterogeneous, which supports that different boron sources asso
ciated with the fertilizers used were involved. In fact, several plantations 
in the Marina de Llevant need boron for their correct development, 
among them olive trees. 

Plots displaying the 87Sr/86Sr isotope ratio variation show (similarly 
to the δ11B variation plots) that waters influenced by seawater intrusion 
and also having undergone recycling have lower Sr concentrations and 
higher variability in the 87Sr/86Sr ratio (Group 2) compared to fresh 
groundwater (Group 1), Fig. 8B2. Fig. 8B3, which depicts the δ11B 
values with respect to the 87Sr/86Sr ratio, shows how Group 2 is a mix of 
waters with significant seawater influence (Group 3) and freshwater 
(Group 1), which confirms that these are mixing waters that have been 
re-evaporated and recycled. 

In the case of waters of the Sa Gleda-Camp des Pou cave, most of the 
values of δ11B (between 39.8 and 41.0 ± 0.2 ‰, Fig. 9A1,A2,A3) were 
close to that of the seawater value. Waters above the halocline in the 
northeastern sector were an exception to these results, as they are 
influenced by freshwater discharges from the aquifer and presented 
variable boron isotopic compositions (between 40.7 and 42.75 ± 0.2 
‰). 

Regarding the 87Sr/86Sr ratio in waters from the Sa Gleda-Camp des 
Pou cave, it was close to that of seawater (0.709, Jørgensen et al., 2008; 
Mao et al., 2020) in the southwestern sector, and close to that of the 
aquifer in the northeastern sector (with more variable values in the 
87Sr/86Sr ratios, ranging from 0.70810 to 0.70905, Fig. 9B1,B2), which 
is also in agreement with a higher freshwater discharge in the north
eastern sector than in the southwestern sector (Fig. 9B1,B2). 

5. Conclusions 

The following two conclusions of this study have significant regional 
implications:  

1. The Serres de Llevant range exhibits a piston-flow model within 
conduits, resulting in homogeneous isotopic and chemical charac
teristics of the waters, indicating similar recharge altitudes and 
showing dominant hydrochemical facies.  

2. In the Marina de Llevant, high intergranular and fracture-fissure 
porosities in the host rock leads to a double and even triple-flow 
model involving karst conduits and interconnected pores, resulting 
in greater heterogeneity in water isotopic composition and 
chemistry. 

The remaining conclusions have broader scientific implications 
regarding the effects of global and climate change on coastal karst 
aquifers and saltwater intrusion that go beyond the scope of the regional 
study conducted. The conclusions drawn from these broader implica
tions are as follows:  

3. In double-flow karst aquifer systems, karst conduits enable water 
exchange between the host rock matrix and conduits, influencing the 

Table 2 
Percentage of mixing with seawater of samples from the Sa Gleda-Camp 
des Pou cave. The sample corresponding to the halocline is marked in 
red. 

Sampling 
depth 
profile

Samples
Mixing 

percentage 
with 

seawater

Sampling 
depth (m)

So
ut

hw
es

te
rn

se
ct

or
 o

f 
th

e 
ca

ve

Sa Gleda 
1G

F1-M1 35.43 -8.3
F1-M2 38.86 -9.3m
F1-M3 75.43 -10.3

Sa Gleda 
2G

F1-M4 2.29 -6.3
F1-M5 14.29 -7.3
F1-M6 48.57 -8.3

Sa Gleda 
3G

F1-M7 3.43 -6.3
F1-M8 8.57 -7.3
F1-M9 48.00 -8.3

forotces
nretsaehtro

N
th

e 
ca

ve

Sa Gleda 
5G

F2-M10 48.57 -10
F2-M11 72.57 -11.5
F2-M12 89.71 -12.5

Sa Gleda 
6G

F2-M13 49.71 -10.5
F2-M14 72.57 -11.5m
F2-M15 85.71 -12.5

Sa Gleda 
7G

F2-M19 59.43 -9
F2-M20 78.29 -10.6
F2-M21 60.57 -11.5

D. Puigserver et al.                                                                                                                                                                                                                              



Science of the Total Environment 912 (2024) 169246

15

Fig. 8. Groundwater sampled at transects P3, P4, P6. P7 and P8. (A) Variation diagrams of boron isotopic composition (δ11B) as a function of the following variables: 
(A1) Distance to the coastline, (A2) Boron concentration, (A3) Electrical conductivity. (B) Variation diagrams of the 87Sr/86Sr isotopic ratio as a function of the 
following variables: (B1) Distance to the coastline, (B2) Sr concentration, (B3) boron isotopic composition (δ11B), (B4) Electrical conductivity. 
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isotopic and chemical characteristics in the coastal zone and in the 
entire aquifer system.  

4. Changing climatic conditions and increased water abstraction for 
tourism, driven by global change, are causing seawater intrusion in 
Mediterranean karst aquifers. This intrusion affects not only coastal 
areas but also inland regions due to rapid seawater penetration 
through karst conduits and results in a rapid ascent of the interface, 
leading to the formation of saltwater domes.  

5. The interconnected porosity in the host rock allows solute transport 
by advection. A portion of this porosity consists of semi-closed or 
small pores where solutes, including chloride, enter through mo
lecular diffusion and remain stored. This leads to salinity mainte
nance even after interface regression when pumping ceases. Chloride 

is then released slowly due to back-diffusion, and the aquifer be
comes contaminated again (rebound effect), illustrating the negative 
impact of climate and global change in a double-flow-dominated 
Mediterranean karst context.  

6. Partial mixing of freshwater with brackish water near the freshwater- 
seawater interface or saltwater domes can lead to significant issues. 
If such water is used for agricultural irrigation, it contributes to soil 
sodification due to the recycling of brackish irrigation runoff. These 
runoff returns progressively become even more saline, impairing the 
productivity of agricultural land. This underscores the environ
mental consequences of the combination of climate and global 
change in karst coastal regions. 

Fig. 9. (A) Plots of the variability of boron isotopic composition (δ11B) as a function of the following variables: (A1) Boron concentration, (A2) Electrical con
ductivity, (A3) Ratio 87Sr/86Sr. (B) Plots of the variability of the ratio 87Rr/86Sr as a function of the following variables: (B1) 1/Sr, (B2) Electrical conductivity. 
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7. Caves in coastal karst aquifers exhibit significant differences in water 
electrical conductivity and isotopic composition above and below 
the halocline, highlighting the preferential discharge of continental 
freshwater associated with karst conduits and the role of fractures in 
transporting distinct water types. 

Finally, it should be noted that the study of coastal karst aquifers is 
fundamental to understand the impact of global and climate change in 
climate-sensitive regions such as the Mediterranean. These aquifers are 
remarkably sensitive to changes caused by global change factors, 
including increased water abstraction due to tourism, agriculture and 
industry. They also respond rapidly to the effects of climate change, such 
as prolonged droughts and heavy rainfall, making them valuable in
dicators of environmental stress. These aquifers play a key role in the 
water supply of coastal regions. Their study provides information on 
how human-induced changes, such as increased water demand and land 
use modifications, affect groundwater resources. In addition, such 
studies contribute to understanding how climate change exacerbates 
these problems, leading to issues such as saltwater intrusion, ground
water contamination, soil sodification and the alteration of water 
availability. In short, research on coastal karst aquifers in climate- 
sensitive Mediterranean environments is essential to anticipate and 
manage the impacts of global and climate change, allowing informed 
decisions to be made to ensure water resource sustainability and envi
ronmental resilience. 
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neógenos en Mallorca mediante el análisis de poblaciones de fallas. 

Chang, Y., Wu, J., Jiang, G., Liu, L., Reimann, T., Sauter, M., 2019. Modelling spring 
discharge and solute transport in conduits by coupling CFPv2 to an epikarst reservoir 
for a karst aquifer. J. Hydrol. 569, 587–599. 

Chou, M.L., Tseng, H.Y., Wang, C.H., Hseu, Z.Y., 2022. Identification of the water source 
and groundwater recharge in a paddy field using stable hydrogen and oxygen 
isotopes. Water Supply 22 (7), 6443–6457. 

Cinkus, G., Wunsch, A., Mazzilli, N., Liesch, T., Chen, Z., Ravbar, N., Doummar, J., 
Fernández-Ortega, J., Barberá, J.A., Andreo, B., Goldscheider, N., Jourde, H., 2023. 
Comparison of artificial neural networks and reservoir models for simulating karst 
spring discharge on five test sites in the Alpine and Mediterranean regions. Hydrol. 
Earth Syst. Sci. 27, 1961–1985. https://doi.org/10.5194/hess-27-1961-2023. 

Clark, I., 2015. Groundwater Geochemistry and Isotopes. CRC Press. 
Clark, I.D., Fritz, P., 1997. Environmental Isotopes in Hydrogeology. CRC Press, Boca 

Raton, FL, USA, p. 352. 
Costall, A.R., Harris, B.D., Teo, B., Schaa, R., Wagner, F.M., Pigois, J.P., 2020. 

Groundwater throughflow and seawater intrusion in high quality coastal aquifers. 
Sci. Rep. 10 (1), 1–33. 

Cramer, Wolfgang, et al., 2018. Climate change and interconnected risks to sustainable 
development in the Mediterranean. Nat. Clim. Chang. 8 (11), 972–980. 

Custodio, E., 2012. Coastal aquifer management in Europe. In: Dix huitièmes journées 
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Hydrogéologues, 2012. 

Custodio, E., 2013. Coastal aquifers. In: Selected Water Problems in Islands and Coastal 
Areas: With Special Regard to Desalination and Groundwater, 219. 

Custodio, E., Llamas, M.R., 1983. Hidrología subterránea, Vol. 1. Omega, Barcelona, 
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Gràcia, F., Clamor, B., Gamundí, P., Fornós, J.J., 2011. Morfologies de corrosió de la 
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