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In recent decades, the percentage increase in water use on a
global scale has exceeded twice that of population growth.
This has led to more, and larger, regions in the world being
subject to water stress where the current restricted rates of
water use and consumption, let alone the desired rates, are
unsustainable [1, 2]. In the Mediterranean area, water
availability is a main economic and social target for most
countries since most of them share several features including,
for instance, similar water and land resources, agricultural
development, demographic pressure coupled with tourism
increase and, last but not least, a climate change evolving
toward semiarid to arid conditions [3-5]. This precious
resource, widely exploited, is not distributed, at a regional
level and within each country, in a homogeneous fashion.
The increase in groundwater exploitation poses a severe risk
for the availability of water resources, and the resulting
resource scarcity is a major concern in most countries of
the Mediterranean region. Groundwater paucity often occurs
in combination with poor groundwater quality, not only in
areas heavily conditioned by human activities [6] or in the
often highly saline coastal aquifers [7-9] but also in zones
characterized by geogenic contamination sources. In such
areas, although human pressure is absent, water-rock inter-
action processes, as those promoting, for instance, geogenic

Cr(VI) water contamination [10], may cause pollution with
critical effects on the public health.

More in detail, overuse of fertilizers and pesticides in agri-
culture, overexploitation of groundwater causing sea water
intrusion, increases in the discharge of untreated or poorly
treated domestic and industrial water, injection of brine and
hydrocarbon by-products from oil production, and refinery
operation into aquifers, and naturally occurring contami-
nants are among the principal causes of groundwater pollu-
tion. Thus, in the last two decades, many Mediterranean
countries planned policies devoted to the assessment of the
groundwater quality and trends [11, 12]. This special issue is
aimed at delivering contributions presenting a wide range of
aspects related to groundwater quality in the Mediterranean
countries such as contaminants’ input and origin, saliniza-
tion effects, and protection and remediation approaches.
Within this frame, we encouraged submissions of paper deal-
ing with a wide range of groundwater-related topics includ-
ing the following:

(i) Elemental and isotope hydrogeochemistry
(ii) Hydrology and hydrogeology

(iii) Groundwater geophysics
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(iv) Groundwater modeling
(v) Groundwater contamination and toxicology
(vi) Groundwater protection and remediation

(vii) Water resources management

From March 2018 to November 2018, a total of 14 papers
have been submitted to be considered for publication in the
special issue. After rigorous editorial check and peer-review
processes which involved external and independent experts,
4 manuscripts were rejected, 2 have been withdrawn, and
8 papers have been accepted, with an acceptance rate of
57%. Twenty-four authors from Mediterranean European
countries and northern Africa contributed to the special
issue. In the following paragraphs, a short presentation of
each is given.

In the article titled “Inferred Industrial and Agricultural
Activities Impact on Groundwater Quality of Skhira Coastal
Phreatic Aquifer in Southeast of Tunisia (Mediterranean
Region),” S. Melki et al., using a geochemical approach
coupled with statistical procedures through principal com-
ponent analysis, assessed the processes affecting water
quality and showed that the industrial activities, especially
those related to phosphate treatment in an area close to a
phosphogypsum storage site, may seriously influence a part
of the aquifer where the water is acidic and very charged
in SO42’, H,PO,, F, and Zn>". As for nitrates, their distri-
bution is controlled, in addition to the excessive use of fer-
tilizers, by physical and chemical factors. Overall, most
analysed samples do not meet the World Health Organiza-
tion Norms and therefore are not suitable as drinking waters,
and the study sheds light on the increasing deterioration risk
of the aquifer suggesting the need for urgent solutions by
decision makers.

In the article titled “A Modelling Approach for Assessing
the Hydrogeological Equilibrium of the Karst, Coastal Aqui-
fer of the Salento Peninsula (Southeastern Italy): Evaluating
the Effects of a MAR Facility for Wastewater Reuse,” G. De
Filippis et al. focused on the characterization of the deep
aquifer of the Adriatic portion of the Salento peninsula from
a quantitative point of view by means of modelling tools for
the simulation of groundwater dynamics. The implementa-
tion of a density-dependent flow model, the lateral extent of
such phenomenon, and the vertical depth of the transition
zone between freshwater and saltwater were inferred,
highlighting also the role of major faults which characterize
the hydraulic behaviour of the karst system. The model was
also applied to design a Managed Aquifer Recharge (MAR)
facility for the management and protection of the hydrogeo-
logical equilibrium of the deep aquifer. Model results allowed
also identifying areas where the lack of data prevents a proper
comprehension of the hydrogeological processes investi-
gated, thus representing supporting tools for planning fur-
ther monitoring campaigns.

In the article titled “Hydrogeology and Hydrogeochemis-
try of the Lauria Mountains Northern Sector Groundwater
Resources (Basilicata, Italy),” F. Canora et al. presented the
hydrogeological characterization of a carbonate hydrostruc-
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ture in the southern Apennines, in an area including springs
having high annual mean discharges. The results elucidate
that the main hydrogeochemical processes controlling the
chemical content of the groundwater composition are
strongly affected by the lithology, especially limestones and
dolomitic limestones. The analysis, in all studied groundwa-
ter samples, shows that facies groundwater type is Ca-
HCO;; bicarbonate is the dominant anion, and calcium is
the dominant cation with appreciable magnesium contents.
Further, §'®0 and 8D signatures for the groundwater of the
major springs allow identifying the recharge area of these
occurrences at elevations ranging from 900m to 1000 m
(a.s.l.), pointing out the presence of deeper flow regime feed-
ing of these springs. The groundwater isotopic feature record
suggests that most of the groundwater recharged directly by
infiltration in high permeable media.

In the article titled “Geochemical Modeling of Water-
Rock Interaction in the Granulite Rocks of Lower Crust
in the Serre Massif (Southern Calabria, Italy),” C. Apollaro
highlighted the irreversible water-rock mass exchanges
occurring in a shallow hydrogeological metamorphic com-
plex through a reaction path modelling in a kinetic mode.
The secondary solid phases that were allowed to precipitate
are kaolinite, vermiculite solid mixture, and hydroxide solid
mixture. The reaction path modelling shows that the
release of major dissolved constituents is mainly controlled
by plagioclase weathering. Computed contents of key dis-
solved components are comparable with analytical data,
although not all the details are reproduced, probably due
to insertion in the model of average composition of pri-
mary minerals, in spite of their nonnegligible chemical var-
iations and to the fact that some elements, such as Na and
K, are controlled by varying contributions of atmospheric
marine salts. Due to the worldwide occurrence of granulite
rocks, the results can be transferred to other sites where the
lithology occurs.

In the article titled “Groundwater Quality Assessment in
a Karst Coastal Region of the West Aurunci Mountains
(Central Italy),” G. Sappa et al. presented the groundwater
quality assessment in the karst coastal region of the West
Aurunci Mountains (central Italy). A large chemical dataset
of springs and well water, collected from 2016 to 2018, is dis-
cussed in order to unroof the processes controlling the
groundwater hydrogeochemical evolution. The groundwater
is mostly characterized by a Ca-HCO, facies, indicating its
evolution is mainly controlled by the carbonate mineral dis-
solution/precipitation. Well water samples show, over the
time, an increasing mineralization compared to spring water,
and their Ca®*, Na*, and CI” enrichment is mainly due to the
dissolution of calcite, dolomite, and halite and subordinately
to a probable ion exchange related to seawater intrusion.
Results suggest that carbonate weathering, ion exchange,
and seawater intrusion in this karst coastal region are the
major factors controlling groundwater geochemistry.

In the article titled “Boron Isotopes in the Mount Vulture
Groundwaters (Southern Italy): Constraints for the Assess-
ment of Natural and Anthropogenic Contaminant Sources,”
M. Paternoster discussed the application of boron contents
and isotopes (''B) as tools for assessing water quality in one
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of the most significant aquifer systems of Southern Italy. In
the area, two different hydrofacies are observed. The first
one (BAW) has bicarbonate alkaline and alkaline-earth com-
position whereas the second one (HSW) has bicarbonate-
sulphate alkaline composition. The HSW is enriched in
boron and has low 8''B values similar to those measured in
the local magmas suggesting B contents in these waters are
affected by the interaction with volcanic rocks. As to BAW,
a wide variability in B concentrations and B isotope compo-
sition is observed, likely due to anthropogenic input. Water
samples with high B concentrations and negative §''B values
are probably influenced by agricultural activities; for water
samples characterized by positive 8''B values and low B con-
tents, a slight contamination by sewage effluents cannot be
excluded. This study highlights the relevance of B isotopes
coupled with the B/CI ratio as a tool for the assessment of
natural and anthropogenic contaminant sources.

In the article titled “Deep Electrical Resistivity Tomog-
raphy for the Hydrogeological Setting of Muro Lucano
Mounts Aquifer (Basilicata, Southern Italy),” E. Rizzo
et al. presented the application of a deep geoelectrical survey
to a carbonate aquifer in order to define the best location
for exploitation well drilling for increasing water supply.
The work summarizes the hydrogeological knowledge at
west of the Basilicata Region (Southern Italy). The investi-
gated area is characterized by the presence of a karst aquifer
which is made up by a carbonate ridge that tectonically dips
southward. The assessment of the complex hydrogeological
framework of the area was detailed by the use of a new
multichannel deep geoelectrical technique (DERT). The
proposed technique was able to successfully locate a
less-resistive zone connected to more fractured limestone
resulting suitable for the localization of a groundwater exploi-
tation well.

In the article titled “Groundwater Quality on the
Adriatic Karst Island of Mljet (Croatia) and Its Implications
on Water Supply,” S. Borovi¢ et al. focused on the peculiar
source of water supply in the Island of Mljet, Croatia: desa-
lination of water from brackish lakes is fed by groundwater
and connected to the sea by karst conduits. All waters sam-
pled from the lakes are of Na-Cl type. Daily monitoring of
total dissolved solids in the feed water was recently intro-
duced: maximum concentrations were observed during Sep-
tember and interpreted to be caused by a combination of
natural and anthropogenic pressures during the summer
tourist season. According to the presented data on ground-
water quality, climate change predictions, the connection of
water supply system to the mainland, and problems with
the effluent treatment, the main future issue will be the cre-
ation of an island-wide sustainable water management plan
followed by continuous monitoring and research, in a
global scenario where water supply of the islands is a rele-
vant challenge.
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The Salento Peninsula is characterized by poor surface water resources, due to the karstic nature of its territory. On the other hand,
important groundwater resources are located in the deep, karst, coastal aquifer, which is of strategic importance for the economic
and social development of the area. The increasing water demand, however, if not properly managed may pose serious problems to
the hydrogeological equilibrium of this aquifer, which is highly susceptible to natural and anthropogenic changes and to saltwater
intrusion. Taking steps from the previous works, the present paper focuses on the characterization of the deep aquifer of the
Adriatic portion of the Salento Peninsula from a quantitative point of view by means of modelling tools for the simulation of
groundwater dynamics. Conclusions about the extent of the saltwater intrusion phenomenon are consequently inferred. As a
result of the implementation of a density-dependent flow model, the lateral extent of such phenomenon and the vertical depth
of the transition zone between freshwater and saltwater were inferred, highlighting also the role of major faults which
characterize the hydraulic behaviour of the karst system under exam. The model was also applied to design a Managed Aquifer
Recharge facility for management and protection of the hydrogeological equilibrium of the deep aquifer. Its positive effects on
the advancement of the saline front were highlighted. Model results also allowed identifying areas where the lack of data
prevents a proper comprehension of the hydrogeological processes investigated, thus representing a supporting tool for planning
further monitoring campaigns.

1. Introduction

Coastal aquifers are major sources of freshwater in arid
and semiarid areas of the Mediterranean basin, which face
large precipitation variability, frequent drought episodes,
high evapotranspiration rates, and increasing population
growth [1-3]. Also, karst landforms are pretty widespread
in Mediterranean areas [4]. As karst regions often are
characterized by scarce surface water supply, costal, karst
aquifers contribute to a large part of the water supply in
many European countries because of their high storage
capacity and permeability [5]. Due to anthropogenic

increasing exploitation of groundwater resources and as a
direct impact of climate change, coastal areas in the Mediter-
ranean region are facing alarming water level decline and
severe water quality degradation due to saltwater intrusion.
This in turn affects human health, socioeconomic develop-
ment, and ecosystem service sustainability [6-8].

The effects of climate change and human stresses on
groundwater salinization and quantity in coastal, karst areas
of the Mediterranean region are major concerns and are
widely being faced by scientists, water decision-makers, and
politicians [4, 9]. In view of achieving a sustainable use of
groundwater resources, different approaches have been
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adopted to characterize coastal aquifer behaviour and their
spatiotemporal evolution in response to different hydrologic
and anthropogenic stresses [3, 7]. Among these approaches,
geochemical methods based on measures of electrical con-
ductivity, chloride concentration, and other cation and anion
concentrations have been used to detect seawater contamina-
tion [10, 11]. Eissa et al. [12] pointed out the use of ground-
water chemistry and stable isotopes to evaluate seawater
intrusion in a coastal Egyptian area. Hammami Abidi et al.
[13] deal with the combination of hydrogeochemical, isoto-
pic, statistical, and GIS approaches to infer controlling
factors on groundwater composition in northeastern Tunisia.
Also, a great attention is being focused on remote sensing
[14] and geophysical methods for subsurface exploration,
which can contribute to coastal environment characteriza-
tion [12, 15-17]. The scientific literature is also rich in exam-
ples of numerical models, which are evaluated as efficient
tools to test a wide range of assumptions and to predict
groundwater body evolution under different scenarios of
hydrologic and anthropogenic stresses [18]. Also, the
European and national regulations on coastal aquifer man-
agement foster the use of modelling tools to assess the
quantitative status of these natural systems and to predict
the evolution of the saltwater intrusion phenomenon and
their hydrogeological equilibrium as a result of overexploita-
tion and climate change. All the studies mentioned above
emphasize the importance of monitoring groundwater sali-
nization and quantity to assure a sustainable and safe use
of this resource.

Monitoring groundwater salinization and quantity and
the abovementioned approaches may support policy makers
to design management strategies. Among these, Managed
Aquifer Recharge (MAR) schemes are being taken into
consideration to protect stressed groundwater systems, by
enhancing the underground water storage capacity, and to
improve groundwater quality [19]. In coastal aquifers,
improvement of water volumes by means of MAR techniques
results in reduction and prevention of seawater intrusion
[20]. Examples of MAR application to manage coastal
aquifers may be found in Bonilla Valverde et al. [21], Kazakis
et al. [22, 23], and Tzoraki et al. [24].

Due to its karstic nature, the Salento Peninsula is charac-
terized by scarce availability of surface water resources. On
the other hand, important volumes of groundwater are
hosted in the deep, karst aquifer, which represents a strategic
resource for the socioeconomic aspects of this Mediterranean
region [25]. Such aquifer, indeed, is the main source of fresh-
water in the region able to satisfy the increasingly widespread
demand related to productive activities [26]. Regione Puglia
& Autorita di Bacino della Puglia [27] estimate that an aver-
age volume of about 358 Mm” of freshwater is pumped yearly
from the deep aquifer of the Salento Peninsula. 69% of this
volume is intended to agriculture activities, while 25% meets
drinking water needs, and the remaining 6% is addressed
to the industrial sector.

Anyway, the karstic nature of the deep aquifer of the
Salento Peninsula poses serious management problems, as
it is highly susceptible to overexploitation and it is character-
ized by low recharge rates, due to scarce precipitation rates,
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high evapotranspiration rates, and lack of surface water bod-
ies [28]. Anthropogenic stresses are further exacerbated by
tourism activities during the summer season. In this frame-
work, an alarming imbalance between freshwater demand
and groundwater availability and a high vulnerability to
saltwater intrusion have been detected in the last
decades either by monitoring [29, 30] and modelling
[28, 31-36]. This represents a major concern in this coastal
ecosystem, as salinization may cause negative impacts on
irrigated crops, soil fertility [37], and the socioeconomic
development of the region.

Climate change and the non-sustainable use of ground-
water resources in this area contribute to the deterioration
of the quantitative status of the deep, karst aquifer and exac-
erbate the saltwater intrusion phenomenon. As such, defin-
ing sustainable management strategies is of paramount
importance to counteract the negative trend of these issues.
To this aim, adopting numerical modelling techniques may
represent a valuable methodology to assess the occurrence
of saltwater intrusion and to propose solutions to cope with
the advancement of this phenomenon.

The deep aquifer of the Salento Peninsula has been the
object of some previous modelling studies. The first steady-
state numerical model was developed for the deep aquifer
over the whole Salento Peninsula by Giudici et al. [28]. The
aim of that analysis was to evaluate how the complex hydro-
stratigraphic architecture and the hydrogeological conditions
of the region affect the hydrodynamics of such aquifer and its
balance. In that paper, the areas potentially affected by salt-
water intrusion were inferred adopting a sharp-interface
approach. The conceptual model reported in Giudici et al.
[28] was then enhanced by De Filippis et al. [32], focusing
on an in-depth investigation of the hydrostratigraphic setup
in areas where the deep aquifer was found to be saturated
with saltwater. Furthermore, a sensitivity analysis was per-
formed to identify the most sensitive parameters in the
numerical model. Two scenarios were consequently devel-
oped to quantify the piezometric head changes in case of
rainfall decrease and abstraction increase. In both cases, the
model predicted a lowering of the piezometric head in the
central part of the peninsula. Areas affected by saltwater
intrusion were calculated accordingly, using the same
approach adopted by Giudici et al. [28].

In the following, Romanazzi et al. [36] developed a 3D
density-dependent flow model of the southern part of the
Salento Peninsula (Lecce province) under transient condi-
tions. In that paper, the authors developed three scenarios:
scenario P1 was referred to the period 1930-1979 and was
calibrated using piezometric data dating back to 1930s at
11 wells. Results of scenario P1 were used to initialize
the piezometric head for scenario P2, referred to the period
1980-1989, and results of scenario P2 were consequently
used to initialize the piezometric head for scenario P3,
referred to the period 1990-1999. Both scenarios P2 and P3
were validated with piezometric data at 10 wells in the study
area. As a result of scenarios P1, P2, and P3, a decrease of the
piezometric head up to 2.5 m was identified from 30s to 90s.
They further simulated an increase of salinity values, up to
more than 1000 mg/l between 50 and 100 m below the mean
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sea level and up to 6km inland. The same result was also
detected about 10 years before by Margiotta and Negri [38].
The same modelling approach was also adopted to simulate
future scenarios, F1 from 2001 to 2020, F2 from 2021 to
2040, and F3 from 2041 to 2060, in order to include pre-
dictions of changes in rainfall, temperature, sea level, and
seawater salinity. The results show a piezometric decrease
of more than 25m up to 2060 with respect to the
steady-state conditions. On the other hand, salinity would
increase up to more than 5000mg/l in 2060, especially
along the western Ionian coast.

Generally speaking, a full comparison between results
obtained by Giudici et al. [28] and De Filippis et al. [32]
and those obtained by Romanazzi et al. [36] cannot be
performed. As an example, the piezometric trend simulated
by Romanazzi et al. [36] is smoother, with a watershed which
can be clearly identified in the center of the peninsula. On the
other hand, the former results by Giudici et al. [28] and De
Filippis et al. [32] identified a critical area near Otranto,
where high piezometric levels were detected. This was also
reported in the previous studies [39, 40], while it is not
mentioned at all by Romanazzi et al. [36].

In this paper, a modelling approach taking steps from the
analysis reported in De Filippis et al. [32] is presented. It is
aimed at characterizing the deep aquifer of the Adriatic
portion of the Salento Peninsula by means of modelling tools
for the simulation of groundwater dynamics and the saltwa-
ter intrusion phenomenon. This was carried out by applying
the following finite difference codes: MODFLOW-2005 [41]
for the simulation of groundwater flow and SEAWAT [42]
for the simulation of density-dependent flow. Both codes
were applied through the QGIS-integrated FREEWAT inter-
face [43-45], which allows taking advantage of GIS spatial
analysis tools for model implementation and benefiting from
several numerical codes (such as MODFLOW, SEAWAT,
and other MODFLOW-related codes) for the simulation of
a number of hydrological processes.

A major advancement with respect to the previous works
consists in modelling the karst aquifer under exam with an
equivalent porous medium approach (as already done in
the abovementioned papers), but taking also into account
the occurrence of structural features typical of karst environ-
ments (e.g., main fractures identified at the regional scale).

A management strategy to counteract the advancement
of the saline wedge has been proposed as well. This consists
in a MAR technique involving a set of injection wells,
which use treated wastewater coming from a near wastewater
treatment plant.

The methodology presented in this paper allowed
identifying still existing gaps in the understanding of the
hydrogeological equilibrium of the deep, karst aquifer of
the Salento Peninsula and sets the stage for further investiga-
tions in this regard.

2. Geographical and Hydrogeological Setting of
the Study Area

The study area (Figure 1) extends for about 1850 km?. It is
bounded by the Adriatic coast on the eastern and southern

sides, while the western boundary is represented by a
straight line which roughly connects the municipalities of
S. Pancrazio S.no and Tiggiano, and the northern one is
nearly located along the boundary between Lecce and
Brindisi provinces.

The northern boundary identifies a no-flow boundary
according to De Filippis et al. [32].

From a geological point of view, the underground of the
whole Salento Peninsula is characterized by a complex strat-
igraphic setup related to geotectonic events and eustatic var-
iations which characterized the geomorphology of the region.
The base of such structure is represented by a basement of
Cretaceous limestones overlayed by clayey-sandy sediments
of Neogene and Pleistocene. As stated in Margiotta and Negri
[29], seven lithostratigraphic units can be identified in the
Salento Peninsula and in the study area. From the bottom
to the top, these units are the following:

(i) The Altamura limestone, made of fractured, karst
sediments dating back to Cretaceous and deposited
after periodic emergences of the Apulian platform

(ii) The Galatone unit, made of thin layers of compact
limestone dating back to Oligocene, overlies Creta-
ceous limestones with interbedded residual deposits

(iii) The Miocene unit, which includes different litholo-
gies made of calcarenites and marly limestones

(iv) The Pliocene unit, which includes different litholo-
gies made of breccias and calcareous conglomerates.
The Miocene and Pliocene units were deposited
during a period when the region was submerged
by seawater

(v) The Gravina calcarenites, dating back to Lower
Pleistocene

(vi) The Subappennine clays, dating back to Middle
Pleistocene. These last two units were deposited
during a further period of submersion which
affected a portion of the peninsula

(vii) The Terrace deposits, made of sands and silty sands
deposited after repeated lifting and lowering of the
mean sea level

The underground of the Salento Peninsula is charac-
terized by a rather complex hydrodynamics, from the
hydrogeological perspective, as the abovementioned units
set the framework for a multilayered system, where the
main groundwater body is represented by the deep, karst
aquifer hosted in the Altamura limestone sediments [28,
36, 46, 47]. Such aquifer, indeed, is the widest one and the
most exploited for human activities. Over the whole penin-
sula, this aquifer takes the shape of a lens floating above salt-
water, with a maximum thickness in the center of the
peninsula. Since this aquifer is characterized by a high degree
of permeability, mostly related to the karstic nature of its
sediments, the piezometric head stands at heights which
range between the mean sea level (at the coastline) and about
4m above the mean sea level (msl). Furthermore, the deep
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FIGURE 1: Location and extent of the study area and location of the wells where lithostratigraphic and piezometric information was available.
The green circle indicates an area where the reconstruction of the stratigraphic setup needed specific data processing.

aquifer is mostly phreatic in the central-western part of the
region, while the top of the Altamura limestone stands at
hundreds of meters below msl in the eastern portion, where
the aquifer is mainly confined.

Some local aquifers can be found in the Plio-Pleistocene
sediments, mostly located at topographically depressed
locations. However, these can be hardly identified, due to
the heterogeneous permeability characteristics of the litho-
types which make up these sediments. For this reason, the
analysis presented in this paper refers to the deep aquifer
only, while the contribution of the overlying units to the
vertical component of the hydraulic flow was taken into
account while evaluating the rainfall recharge term.

The Galatone unit, residual deposits, and the Subappen-
nine clays are made of poorly permeable sediments. As such,
from a hydrogeological point of view, they mainly act as
aquitards.

Figure 2 reports a lithological map of the southern part of
the Salento Peninsula (Lecce province) and four schematic

cross sections of the complex hydrostratigrahic setup.
Table 1 reports a list of the lithostratigraphic units identified,
along with their lithological and hydrogeological features.

3. Materials and Methods

This section reports a thorough discussion about the recon-
struction of the stratigraphic setup, the hydrogeological con-
ceptual model, and the setting up of the density-dependent
flow model in the study area.

Model results will be discussed in detail in the following
section, where a management strategy proposal based on a
MAR scheme and insights about the major criticalities
identified will be presented as well.

3.1. Reconstruction of the Stratigraphic Setup. The geometry
of the underground in the study area was inferred from
interpolation of an integrated dataset, consisting of point
lithostratigraphic data reported in Margiotta and Negri [29]
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FIGURE 2: (a) Lithological map of the southern part of the Salento Peninsula. (b) Hydrostratigraphic cross sections along profiles drawn in
subfigure (a). Fill colors and legend items are the same in both subfigures.
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TaBLE 1: List of the lithostratigraphic units identified and their hydrogeological characteristics (modified after De Filippis et al. [33]).

Lithostratigraphic unit Lithological features Geological age Hydrogeological characteristics
Altamura limestone Limestones and dolomitic limestones Cretaceous Fractured and karst main aquifer
Galatone unit Compact limestones, marls, and sandy clay Oligocene Generally impermeable deposits
Miocene unit Calcarenites and marly limestones Miocene Porous aquifers
Pliocene unit Breccias and calcareous conglomerates Pliocene Porous aquifers

Gravina calcarenites Biodetritic calcarenite

Subappennine clays Clays

Terrace deposits Sands and silty sands

Lower Pleistocene Porous aquifers

Lower to Middle Pleistocene Aquitard

Upper Pleistocene Porous shallow aquifers

and cross sections produced at the Laboratory of Hydrogeo-
physics and Stratigraphy for Natural Hazards of the Univer-
sity of Salento. The whole dataset is made of 504 points
reported in Figure 1. At each point, values of the top elevation
of the Altamura limestone and values of the thicknesses of
the overlying lithostratigraphic units are available. Such
values were processed by interpolation with the kriging
method over a grid of square cells 20 m x 20 m wide.

A critical area (circled area in Figure 1) was highlighted.
At this location, indeed, the interpolation of the top elevation
of the Altamura limestone resulted in a surface intersecting
the thickness of the overlying Galatone unit. To overcome
this inconsistency, the top elevation of the Altamura
limestone at those points was inferred by subtracting
the thicknesses of the overlying units from the elevation
of the ground surface.

Figure 3(a) reports the resulting top elevation of the
deep aquifer, while Figure 3(b) shows the ratio among
the thicknesses of the lithostratigraphic units identified
in the study area, along a SW-NE profile. As stated in
the section above, two portions can be identified in the
study area: (i) the one along the coastline, where the
top elevation of the deep aquifer is far below the msl
and the aquifer is confined, and (ii) the western portion,
where the Altamura limestone locally outcrops and the
aquifer is unconfined.

The color map reported in Figure 3(a) allows identifying
three important graben structures at least: the one located
near Lecce, the one between Cavallino and the area south of
Vernole, and the one in the Otranto area. A rather clear
horst, NW-SE oriented, intersects the line which roughly
connects Lecce and San Cataldo. The major faults drawn
in red are mainly NW-SE oriented, even if some NE-SW
oriented faults can be identified too. These findings are
in accordance with results found in Grassi et al. [39] and
Margiotta and Negri [38].

3.2. Hydrogeological Conceptual Model. In order to define the
hydrogeological conceptual model in the study area, the
hydrodynamics of the deep aquifer inferred from piezometric
head measurements at some of the abovementioned points
(96 cross-shaped points in Figure 1) was analysed. The
available head values refer to the static level measured when
the wells were drilled, between 1952 and 1987, and belong
to a database managed at the Laboratory of Hydrogeophysics
and Stratigraphy for Natural Hazards of the University of

Salento. Piezometric measurements collected after 1987,
mostly belonging to databases managed by the regional
authority and other organizations, are not readily available.
As such, it was not possible to perform an in-depth evalua-
tion of the evolution of the deep hydrodynamics in time.
Consequently, all results reported in the following intend to
describe an average hydrogeological state for the deep aquifer
on the regional scale.

Figure 4 reports the contour lines obtained by interpola-
tion of the available head values through the kriging method
over a grid of square cells 20 m x 20 m wide.

From contour lines in Figure 4, the following can be
inferred about the hydrodynamics of the deep aquifer in
the study area. The piezometric head values generally
range between about 3m above msl in the central part
of the area, and Om with respect to msl at the southern
portion of the coastline. A local maximum (head values
up to 4m above msl) can be detected near Otranto. This
could be related to the occurrence of possible superficial
aquifers hosted in the overlaying sediments of the Mio-
Pliocene units or to the presence of a watershed beyond
the coastline or also to the complex geometry of the deep
aquifer in that zone, as highlighted in the previous section.
As stated above, this was also reported in the previous
studies [39, 40], but the reason for this phenomenon has
not yet been investigated. By the way, in the absence of
detailed lithostratigraphic information and updated piezo-
metric data in this area, no conclusions can be drawn about
this occurrence and a deeper insight in this issue on the local
scale is necessary.

Arrows in Figure 4 indicate inflow and outflow compo-
nents across the boundary of the study area, due to sink
and source terms. These allow conceptualizing the hydrody-
namic behaviour of the deep aquifer and identifying inflows
and outflows to the system through the boundaries. These
are related to (i) infiltration from the northwestern corner
of the active domain, (ii) infiltration through the central-
eastern part of the Adriatic coast, (iii) outflow through the
remaining part of the coastline, with the exception of the
abovementioned coastal area near Otranto, and (iv) outflow
through the western boundary. Furthermore, the groundwa-
ter budget is also affected by (v) effective infiltration of
precipitation (I,), (vi) the recharge action due to karst
depressions locally known as “vore” (v), (vii) evapotranspira-
tion (EVT), and (viii) abstractions for drinking and irrigation
purposes (Q).
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FIGURE 3: (a) Top elevation of the deep aquifer. (b) Stratigraphic cross section along the SW-NE profile drawn in subfigure (a).

An important mechanism of recharge for the aquifer is
related to the effective infiltration of meteoric waters (I » term
in Figure 4) through the sediments of the overlying units.
To estimate such contribution, evapotranspiration (EVT
term in Figure 4) was also taken into account in the way
specified below.

First of all, we estimated the average annual precipitation,
P, by interpolating the average annual rainfall measured
between 1952 and 1987 at 12 meteorological stations within
the study area [48]. In the period considered, P values range

between 600 mm/year and 800 mm/year and increase from
north-west to south-east.

To estimate EVT, we first determined potential evapo-
transpiration, based on the average air temperature and solar
radiation at the study area, as expressed by the Thornthwaite
method [49]. As a result, potential evapotranspiration in
the period considered was worth on average 730 mm/year.
We furthermore analysed the land use in the study area
[32], which shows that the most widespread crop is
olive. As a consequence, potential evapotranspiration
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was multiplied by 0.7, an average value for the olive K,
coefficient [50], resulting in efficient evapotranspiration
(EVT) of 510mm/year on average.

EVT was so subtracted to P and the hydraulic effect of the
identified hydrostratigraphic units was further taken into
account in the second step. This was done by multiplying
the calculated quantity (P—EVT) by an infiltration coeffi-

0.7(P-EVT),

P,  where major faults (Figure 3(a)) and “vore” (Figure 5) are located,

(P=EVT) # Cyr = (P~ EVT) #

where t; is the thickness of one of the six units above the
Altamura limestone and w; is the associated coefficient
(Table 2).

As widely reported in the geomorphological maps of the
Salento Peninsula (consult, e.g., the regional geoportal SIT
Puglia; http://www.sit.puglia.it/), the occurrence of karst
sinkholes is widespread in the region. These are locally
known as “vore” and contribute to the recharge component
of the deep aquifer (v term in Figure 4). 71 “vore” may be
located within the study area (Figure 5), and we assumed that
the local recharge contributed by these sinkholes was equal to
the rainfall rate at the location of each of them.

Abstraction terms (Q term in Figure 4) were also taken
into account. These are mostly intended to meet the water
demand for irrigation and drinking purposes. Since several
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TaBLE 2: w; coefficients used to calculate C,; (modified after De
Filippis et al. [32]).

Hydrostratigraphic unit w; coefficients used to calculate C;¢

Altamura limestone 0.7
Galatone unit 0.2
Miocene units 0.4
Pliocene units 0.5
Gravina calcarenites 0.7
Subappennine clays 0.2
Terrace deposits 0.6

cient, C;¢, which takes into account the thicknesses and the
hydraulic behaviour of the Altamura limestone and of the
units above it, as well as the morphological characteristics
of the region.

Specifically, C,.; was calculated as the weighted average of
the hydraulic behaviour of the identified hydrostratigraphic
units and the thicknesses of such units were adopted as
weights. The hydraulic behaviour of the Altamura limestone
and of the units above was estimated through coefhicients
(Table 2) which account also for the morphological charac-
teristics of the region. As an example, the value 0.7 adopted
for the Altamura limestone takes into account either the good
permeability of the sediments and the presence of hilly areas,
mostly located in the southern part of the study area, where
the Altamura limestone outcrops and runoft rates are higher
than infiltration rates.

As such, I, was calculated according to the following

equation:

where the Altamura limestone outcrops,

6
i=1LiW;
6 bl
=1l

elsewhere,

illegal wells can be found in the region and since no monitor-
ing on abstraction rates is performed for the legal ones, these
terms were evaluated based on estimations available in
Regione Puglia & Autorita di Bacino della Puglia [27].
According to such estimates, the water needs for irrigation
purposes in the Adriatic portion of the Salento Peninsula
is about 84.5Mm®/year. Such rate has been equally distrib-
uted among 15 fictitious wells located into the irrigated
districts within the study area. Similarly, in the abovemen-
tioned report, the total abstraction rate for drinking pur-
poses in the Adriatic part of the Salento Peninsula is
estimated to be about 63.8 Mm’/year. This was equally dis-
tributed among the 62 legal drinking wells scattered in the
study area. Figure 5 shows the location of abstraction wells
in the study area.
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3.3. The Modelling Approach

3.3.1. Objectives and Assumptions. The objective of the
present work is to characterize the deep aquifer of the Adria-
tic portion of the Salento Peninsula from a quantitative point
of view, as well as with regard to groundwater salinization, by
means of modelling tools for the simulation of groundwater
dynamics with MODFLOW-2005 [41] and the saltwater
intrusion phenomenon with SEAWAT [42]. The motivations
behind such analysis are related to several environmental
issues which affect the hydrogeological equilibrium of an
aquifer which represents the major source of freshwater in
a karstic region characterized by poor surface water poten-
tial. The model developed is thus intended to represent a
starting point for further enhancements, in view of provid-
ing a tool for groundwater management in the area.
Specifically, this analysis is aimed at:

(i) identifying the main processes which affect the
groundwater flow dynamics

(ii) detecting the areas potentially affected by saltwater
intrusion

(iii) identifying the areas where the lack of data prevents
a proper comprehension of the hydrogeological
processes investigated

(iv) highlighting criticalities which prevent a deep
comprehension of the hydrogeological system under
exam and set the stage for further investigations

For the aims listed above, the model was developed on a
regional scale.

The following assumptions hold true in this paper.

The available head data did not allow investigating the
evolution of the aquifer system in time, ie., to evaluate
the change in time of the amount of water stored in the
domain. As such, a simplified investigation of the ground-
water flow dynamics was carried out, by adopting a
steady-state flow approach. With this assumption, we were
able to describe an average hydrogeological state for the
deep aquifer, i.e., to provide a “picture” of the groundwater
flow dynamics, which could represent a starting point for fur-
ther investigations of transient flow conditions. By the way,
even if the flow component was run in steady-state condi-
tions, there is no option in the SEAWAT code to run the
transport component as steady state [51]. This is because
the transport component in the SEAWAT engine has either
stability constraints and/or accuracy requirements that are
more restrictive than those for the flow component. As such,
each flow time step is further divided into smaller transport
steps, during which heads are constant. As a consequence,
in the application of the SEAWAT code for the simulation
of density-dependent flow, the transport model was run in
transient conditions. The same approach was already
adopted for another portion of the Salento Peninsula by De
Filippis et al. [34].

Another important assumption is the adoption of the
“equivalent porous medium” approach, which allows model-
ling the karst, fractured, deep aquifer of the study area as a
continuous, porous medium, instead of a dual-porosity
medium. The equivalent porous medium approach involves
the replacement of the fractured medium by a representative
continuum in which spatially defined values of its hydraulic
properties can be assigned [52, 53]. This approach is valid
as long as the fracture spacing is sufficiently dense that the
fractured medium acts in a hydraulically similar fashion to
granular porous media. Besides the density of fractures and
the degree of interconnection among them, the spatial scale
of the analysis is fundamental for this choice. As stated in
Scesi and Gattinoni [54], treating a karst, fractured medium
like an equivalent porous medium can be justified in case of
a large scale analysis. In such case, the equivalent porous
medium approach can provide reliable results if the scope
of the analysis is to infer the groundwater flow dynamics
and flow-related processes on a large scale.

The equivalent porous medium approach is being
widely adopted to simulate groundwater flow in karst sys-
tems all over the world [46, 55] and in the region under
exam [28, 31-36].
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In this contribution, we made a step forward with respect
to the previous modelling studies referred to the deep aquifer
of the Salento Peninsula. As stated in Scesi and Gattinoni
[54], indeed, the optimal solution to model the behaviour
of karst aquifers is to use the equivalent porous medium
approach accounting also for the occurrence of structural
features (e.g., fractures), which have an important role on
the hydrodynamics of such systems. To accomplish this task,
we modelled the main fractures recognized on the regional
scale (red dotted lines in Figure 3(a)) as zones which
contribute higher infiltration rates to the aquifer system.

3.3.2. Groundwater Flow Model Setup. The groundwater flow
model was developed by applying the finite-difference
approach adopted in MODFLOW-2005 [41] for porous
aquifers. To this aim, at the scale of the present analysis, we
assumed that the sediments of the Altamura limestone are
characterized by a high fracture density and that fractures
have small openings. With this assumption, it is possible to
treat the deep, karst aquifer under exam as an equivalent
porous medium. In addition, the role of major fractures
was modelled by introducing zones where higher infiltration
rates occur. Further details will be provided below.

The MODFLOW model was set up and run using FREE-
WAT [43-45] as a graphical user interface integrated in
QGIS [56]. The FREEWAT platform allows simulating
several water-related processes (e.g., hydrodynamics, solute
transport, and conjunctive use of ground- and surface-water)
for integrated water management, by coupling the power
of GIS tools for spatial data analysis and that of free
and open source numerical codes (e.g, MODFLOW and
MODFLOW-related programs).

The study area was discretized using a rotated, regular
grid made of square cells 200 m x 200 m wide. For the aims
of the groundwater flow model, the deep aquifer was repre-
sented using a single model layer extending from the top
surface reported in Figure 3(a) to 500m below msl. As
explained in the next section dedicated to saltwater intrusion,
such layer was then discretized through 7 sublayers, in
order to properly simulate the hydrodynamic dispersion
mechanism, which occurs on a finer scale with respect to
the advection process.

For the horizontal hydraulic conductivity of the model
layer, the distribution obtained by inverse calibration by De
Filippis et al. [32] was used. Such distribution was obtained
through the application of the Comparison Model Method
(CMM) [57-60], which is based on the solution of a forward
problem for a “comparison model,” namely, with a hypothet-
ical (often uniform) conductivity field. The fluxes computed
for the “comparison model” are assumed to be a good
approximation of the “real” ones, estimated as the product
of the “real” transmissivities and the hydraulic gradients
inferred from interpolation of field data. Then, the “real”
hydraulic conductivity field can be obtained from this com-
parison. Figure 5 shows values ranging 10-10* m/day inland,
while values of the order of 10>-10* m/day were estimated
along the coastline. As stated above, a step forward was made
to account for major faults in the study area (red dotted lines
in Figure 3(a)). In this regard, the highest K values (of the
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order of 10* m/day) were also set along the profiles of such
faults, in order to model zones where higher infiltration
rates occur.

We further assumed that the aquifer presented vertical
anisotropy only, by assuming for the vertical hydraulic
conductivity values equal to 1/10 of the horizontal one.

In order to define boundary conditions, the contour lines
reported in Figure 4 were analysed. Specifically, the
inflow/outflow components through the western boundary
were represented as head-dependent boundary conditions
through the application of the General Head Boundary
(GHB) MODFLOW package [41]. The same package was
also applied to reproduce the hydraulic contact with the
Adriatic Sea along the coastline. To this aim, different pieces
of the coast were distinguished, and the contact between the
deep aquifer and the sea at each piece was supposed to occur
between 0 m and 200 m far from the coastline. Furthermore,
the northern boundary of the study area was treated as a
no-flow boundary. The same was assumed at the base of
the model, meaning that no vertical water exchange occurs
at the bottom of the deep aquifer.

Source and sink terms related to effective infiltration,
local “vore,” and abstractions for irrigation and drinking
purposes, respectively, were estimated as explained in the
previous subsection (Figure 5). The Recharge MODFLOW
package was applied for effective infiltration, as specified in
the above section. The Well MODFLOW package was
used for “vore” (positive flow rates) and abstraction wells
(negative flow rates).

The model was run over a steady-state stress period
365 days long.

A sensitivity analysis was performed using UCODE_
2014 [61] integrated in the FREEWAT platform as well.
Specifically, the Composite Scaled Sensitivity (CSS) index
[62] was evaluated to assess the information content of the
whole head dataset (cross-shaped points in Figure 1) for the
estimation of the most sensitive parameters. Figure 6
reports results of the sensitivity analysis, which included
the following parameters:

(i) The recharge flux related to effective infiltration (rch
in Figure 6)

(ii) The abstraction rates for irrigation and drinking
purposes (wells in Figure 6)

(iii) The horizontal and vertical components of the
hydraulic conductivity of the deep aquifer (kxx and
kzz in Figure 6)

(iv) The inflow/outflow terms related to the GHB
boundary condition (ghb_cond in Figure 6)

As highlighted in Figure 6, the model fit is insensi-
tive to variations of the vertical hydraulic conductivity,
meaning that the available head data does not contain
enough information for the estimation of the kzz parameter.
On the contrary, the most sensitive parameters are the
recharge flux (rch) and the horizontal component of the
hydraulic conductivity (kxx), while the sensitivities of



Geofluids

0.6

0.5

0.4

0.3

11

0.2

Mean (composite scaled sensitivity)

0.1

0.0 rch kxx

wells ghb_cond kzz

Parameter name

FIGURE 6: Values of the Composite Scaled Sensitivity for the model parameters considered as the most sensitive ones.

parameter wells are worth about 1/3 of the maximum
CSS and the sensitivity of ghb_cond is worth about 1/9
of the maximum CSS. As such, the parameter kzz was
not included in the trial-and-error calibration of the
remaining parameters, whose results are reported in the
following section.

3.3.3. Density-Dependent Flow Model Setup. In order to get
an insight on groundwater salinization, the groundwater flow
model was applied to simulate the saltwater intrusion phe-
nomenon. This was accomplished by developing a density-
dependent flow model to assess the extent of lateral intrusion
and vertical upconing of saltwater, applying the SEAWAT
code [42], which is integrated within the FREEWAT plat-
form as well.

To this aim, the deep aquifer was further discretized
through 7 sublayers with equal thickness, in order to prop-
erly simulate the hydrodynamic dispersion mechanism,
which occurs at a finer scale with respect to the advection
process [51].

The following parameters were set for the deep aquifer to
solve the solute transport component:

(i) Effective porosity: 0.1
(ii) Coefficient of molecular diffusion: 107 mz/day
(iii) Longitudinal dispersivity: 200 m
(iv) Transverse dispersivity: 20 m
(v) Vertical dispersivity: 20 m

A concentration of 38 g/l was assigned at cells along the
coastline, where the GHB MODFLOW package was applied.

Concentration values were left free to vary at the remaining
grid cells.

The model was run over 10 years. At this stage, it was
not possible to calibrate the model, due to the lack of
good-quality concentration data.

4. Results and Discussion

4.1. Results of the Groundwater Flow Model. As mentioned in
the previous section, the groundwater flow model was cali-
brated adopting a trial-and-error approach over the most
sensitive parameters. All parameters reported in Figure 6,
except for kzz, were included in the calibration procedure,
aimed at improving the model fit with respect to the observed
piezometric head values measured at the cross-shaped points
in Figure 1. The scatter plot of observed vs. simulated head
values is reported in Figure 7 along with statistics on residuals
(i.e., the difference between observed and simulated values).

We can infer from Figure 7 that all points are within the
90% confidence interval. Furthermore, the model fit differs
for about 0.04 m on average from the observations, with a
standard deviation of 0.35m. Also, the absolute residual
mean is about 0.29 m, with a standard error of the estimate
of about 0.04 m.

Figure 8(a) reports the simulated piezometric head distri-
bution. With respect to contour lines reported in Figure 4, we
can infer that the general trend (i.e., inflow and outflow
components) was reproduced by the model. Of course, since
abstractions in the model were derived from assumptions
and estimates, the local minima displayed in Figure 4 could
not be reproduced. Despite this, taking into account the sta-
tistics reported in Figure 7, model results can be considered
satisfactory in reproducing the involved processes.
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Residuals of the 1 stress period and 1 time step
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Residual statistics Value
Residual count 96
Mean 0.04
SD 0.35
Min -0.66
Max 0.81
Absolute residual mean 0.29
Standard error of the estimate 0.04
Residual RMS 0.04
Normalized RMS 0.04
Pearson correlation coefficient 0.01

(®)

F1GURE 7: Comparison between observed and simulated head values
and statistics on residuals.

Through interpreting the map in Figure 8(a) with
the support of the model budget reported in Table 3,
the following can be stated:

(i) Inflow and outflow terms can be identified through
the GHB boundaries of the active domain. Alto-
gether, inflow terms are worth about 8.24 Mm”/day,
including the inflow occurring across the coast
near Otranto; outflow terms are worth about
10.22 Mm®/day

(ii) The source term related to effective infiltration
contributes to the overall budget with about
2.48 Mm*/day

(iii) The pumped groundwater is about 0.52 Mm>/day

Geofluids

Regarding the high head values recorded north of
Otranto (up to 4.2m above msl), we must notice that
these have been repeatedly highlighted in the past, e.g,
by Zorzi and Reina [40], Grassi et al. [39], Giudici et al.
[28], and De Filippis et al. [32]. By the way, possible rea-
sons for this phenomenon have never been explored.
Cotecchia et al. [31] highlight three areas characterized
by high head values along the NE-SW oriented line which
roughly connects Otranto and a zone south of Gallipoli. A
similar finding has been reported recently by Fidelibus and
Pulido-Bosch [63]. This line corresponds to a major dis-
continuity feature, and the high head values detected
would therefore have a structural cause and would gener-
ate drainage both towards the north and the south, deter-
mining a hydrogeological watershed. In any case, the
presence of this watershed, with particular reference to
the one located north of Otranto, puts in crisis the models
[64] according to which the Salento Peninsula is almost
entirely crossed by a hydrogeological watershed NW-SE
oriented in its central part.

In any further study dedicated to this topic, a very
important aspect that must be taken into account is linked
to the eustatic oscillations that have affected the Salento
Peninsula in the past 20000 years [65]. In fact, it cannot
be excluded that the high head values detected north of
Otranto are linked to the presence of freshwater trapped
in tectonic grabens, due to the rising of the sea level
[66-69] and for the presence of impermeable Miocene
and Pliocene clayey deposits.

Taking steps from the previous theories [70], a recent
study [71] analysed the occurrence of offshore fresh ground-
water at 27 coastal areas worldwide, using an analytical
model for estimating the extent of such occurrence. Two
main drivers of such phenomenon are identified: (1) the
presence of entrapped paleofreshwater during periods
characterized by lower sea levels and (2) freshwater discharge
from onshore aquifers to subsea aquifers under current sea
level conditions. In both cases, the onshore-oftshore coastal
aquifer is conceptualized with an aquitard extending from
the coastline offshore, which prevents vertical exchange
between freshwater and saltwater, and a potentiometric
surface which declines to the sea level offshore, far from the
coastline. Based on the review of the 27 case studies, seven
conceptual models were developed to show in both cases
(options (1) and (2) above) the effects of groundwater pump-
ing, which may result in pumping freshwater or saltwater
according to the equilibrium of the interface in the offshore
part of the aquifer.

The groundwater flow model was validated using a data-
set of piezometric head values collected at 6 points in 2018
(Figure 8(b)). According to residuals statistics, the model fit
differs for about 0.07m on average from the observations,
with a standard deviation of about 0.22 m. Also, the absolute
residual mean is about 0.20 m, with a standard error of the
estimate of about 0.10m. This confirms that the model
developed represents a valuable tool and a good starting
point for further enhancements, as it is able to reproduce
the physical processes for which the available observations
contain information.
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FIGURE 8: (a) Simulated piezometric head (values of contour lines are expressed in m above msl; contour line interval: 0.5 m; arrows reproduce
the flow lines). Green dots indicate the location of wells used for model validation. (b) Results of model validation and statistics on residuals.
(c) Effects of the application of a MAR scheme.
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TaBLE 3: Simulated water budget.

% over the
total inflow

Simulated flow

Inflow terms rate (Mm?/ day)

% over the
total outflow

Simulated flow

Outflow terms rate (Mm?/ day)

Recharge due to “vore” 2.73 %107 Negligible
Effective infiltration 248 23
Inflow through model boundaries 8.24 77
Total 10.74

Outflow through model boundaries 10.22 95
Abstractions 0.52 5
Total 10.74

The groundwater flow model was applied to simulate the
effects of a MAR facility on the quantitative status of the deep
aquifer in the study area, as well as with regard to groundwa-
ter salinization. Specifically, an increase of the piezometric
head in the deep aquifer was assessed, by setting up five
injection wells located about 3km far from a wastewater
treatment plant in Lecce and about 4 km far from the coast-
line. Each of these wells was assigned a recharge rate of
401/s, resulting in a total infiltration rate of 2001/s (about
6.31 Mm”/year). Based on estimates made by the local land
reclamation authority, this corresponds to the yearly volume
of water treated in the wastewater treatment plant and
discharged towards the sea.

According to this scenario with the infiltration wells in
operation, an increase in the simulated piezometric head
was simulated. Such increase is worth about 0.12m at the
location of the recharge wells. Furthermore, an increase of
at least 0.03m would be recorded over an area of about
2.3km?” (Figure 8(c)).

4.2. Results of the Density-Dependent Flow Model. The extent
of the saltwater intrusion phenomenon is presented in
Figure 9 in terms of concentration distribution obtained at
each sublayer in the density-dependent flow model. Such
distribution is reported at different depths, and it is shown
either in the horizontal or vertical directions, in order to
assess the lateral extent and the vertical upconing of salt-
water. Moreover, to make Figure 9(a) more readable, a
concentration threshold was set to 0.5g/l, as suggested in
Cotecchia et al. [31].

We can infer from Figure 9(a) that saltwater gradually
intrudes from the coast towards inland, driven by the hydro-
dynamic dispersion process. Also, the width of the strip
where concentration values higher than 0.5g/1 were simu-
lated is about 5km in sublayer 1, while the intrusion front
advances up to more than 6 km from the coast inland in sub-
layer 7. As a consequence of comments and results presented
above, we can notice that the inflow component simulated in
the Otranto area makes saltwater intrusion to affect that area
to a higher extent with respect to the rest of the coastline.
Furthermore, the effects of the regional faults taken into
account within the model are clearly highlighted.

Figure 9(b) reports concentration values simulated for
the deep aquifer up to 500 m below msl along a SW-NE
profile near Lecce, crossing one of the regional faults. This
cross section confirms the above results and clearly shows
the effects of faults, which would cause upconing of seawater
from below the bottom of the model.

Cross sections reported in Figure 10 are drawn along a
profile which crosses one of the injection wells set in the
model for MAR purposes. In particular, Figures 10(a) and
10(b) report concentration values simulated for the deep
aquifer up to 500 m below msl before and after the applica-
tion of the injection MAR wells, respectively. The location
of an injection well is reported as well in Figure 10(b). At that
location, the cone of injected freshwater results from the
specific boundary condition set in the density-dependent
flow model. With respect to the scenario reported in
Figure 10(a), we can infer that setting in operation such a
MAR scheme would result in containing the lateral saltwater
intrusion phenomenon. In such case, the intrusion front
would retreat by about 1 km.

5. Conclusions

This paper focuses on the Adriatic portion of the Salento
Peninsula, where a major freshwater resource is represented
by the deep, karst, coastal aquifer hosted in limestone
sediments. Such aquifer is particularly sensitive to human
impacts, climate change, and saltwater intrusion. Taking
steps from the previous works [28, 32], the deep aquifer in
the study area was characterized by means of modelling
tools for the simulation of groundwater dynamics and
the saltwater intrusion phenomenon.

The interpolation of the available piezometric data over
the study area allowed conceptualizing the hydrodynamic
behaviour of the deep aquifer and identifying inflows and
outflows to the system through the boundaries and source/
sink terms, which were then implemented in a groundwater
flow model by applying specific MODFLOW packages.

The groundwater flow model was developed adopting
two main limitations: (a) the model was run under steady-
state conditions, due to the lack of piezometric data regularly
recorded in time, and (b) the karst medium was modelled
with an equivalent porous medium approach. A remarkable
advancement with respect to the previous models included
the representation of major structural features of the karst
environment (i.e., faults), which affect the groundwater
flow dynamics on the regional scale. These were modelled
introducing zones where high infiltration rates occur.

As a result of the groundwater flow model, the budget
terms mentioned above were quantified and the piezometric
head distribution describing the hydrodynamics of the deep
aquifer during an average hydrogeological year was obtained.

Particular attention deserves the high head values
recorded north of Otranto which are responsible for the
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FIGURE 9: (a) Lateral saltwater intrusion simulated for sublayer 1 (left side) and for sublayer 7 (right side). (b) Vertical cross section along a

SW-NE profile near Lecce.

infiltration term through the central-eastern part of the
Adriatic coast. Such phenomenon has been widely
highlighted in the past, but the causes still remain pretty
uncertain. A discussion has been reported in this regard,
about the role of structural features and of eustatic variations
in the region. By the way, confirming the presence of such
critical area puts in crisis all models according to which a
hydrogeological watershed is clearly identified at the center
of the Salento Peninsula. Of course, a thorough explanation

for this phenomenon has still to be found, but this discussion
is a starting point for further research. Few lithostratigraphic
and piezometric data, indeed, are available, but the results
obtained deserve attention and set the stage for further inves-
tigations involving the drilling of new piezometers, whose
measured values would help the understanding of the deep
groundwater dynamics.

The groundwater flow model was applied to develop a
density-dependent flow model for the assessment of the
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injection wells in operation.

saltwater intrusion phenomenon. With respect to the previ-
ous works, where a sharp-interface approach was adopted,
the SEAWAT code was applied instead to assess the extent
of lateral intrusion and vertical upconing of saltwater, result-
ing in worsening of irrigation and drinking water quality.
The model was run over 10 years and allowed assessing that
salt concentration values higher than 0.5g/l would be
detected up to 6km from the coast inland. Results of the
SEAWAT model allowed highlighting the role of regional
faults in the upconing of saltwater and inferring that the
critical zone near Otranto deeps particular attention as it
would be affected by saltwater to a higher extent with respect
to the remaining areas along the coastline.

A further application of these models consisted in simu-
lating the effects induced by a MAR facility consisting in
injecting treated wastewater produced by the treatment plant
located in Lecce. This allowed evaluating the resulting
piezometric head increase (up to 12cm at the location of
the injection wells) and the changes induced in the advance-
ment of the saltwater intrusion front (this would retreat by
about 1 km at the location of the injection wells). Such results
make the methodology adopted a valuable tool, which can be
replicated to propose further insights along the coast, testing
the effectiveness of using rainwater and improving infiltra-
tion through the local “vore.”

The methodology presented in this paper has a valuable
importance from the environmental point of view, as it
allowed assessing the quantitative status of the major
freshwater resource available in the study area and in the
whole Salento Peninsula and drawing conclusions about
groundwater salinization. Such methodology allowed testing
management and protection strategies based on efficient and
up-to-date techniques, such as MAR solutions. Model results
also allowed identifying areas where the lack of data prevents
a proper comprehension of the hydrogeological processes

investigated, thus representing supporting tools for planning
further monitoring campaigns. In this view, the research
activities presented in this paper represent an advancement
with respect to the previous works and lay the basis for
further scientific investigations on this topic, aimed at
characterizing the hydrogeological equilibrium of the deep
aquifer in transient conditions and at undertaking further
analysis on local scale.
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In this study, the hydrogeological characterization of the northern sector of the Lauria Mounts carbonate hydrostructure (southern
Apennines, Basilicata region) has been carried out and the hydrochemical properties of different collected groundwater samples
have been characterized. Several normal springs drain the hydrostructure, some of them characterized by high annual mean
discharges. Groundwater samples were collected from different springs; many parameters such as pH, electrical conductivity,
and total dissolved solids have been measured, and major (cations and anions) elements and stable isotopes have been analysed
following standard test procedures. Other chemical characteristics were derived from the analysed quality parameters. The
results elucidate that the main hydrogeochemical processes control the chemical content and assess the quality of the
groundwater within the hydrostructure. The analyses highlight that the chemical compositions of groundwater are strongly
influenced by the lithology, especially limestones and dolomitic limestones; they explain and confirm the hydrogeological setting
of the system. The groundwater system displays light different geochemical signatures. The processes contributing to the
concentrations of major ions depend primarily on carbonate dissolution. The analysis, in all studied groundwater samples,
shows that the facies groundwater type is Ca—-HCOj,, bicarbonate is the dominant anion, and calcium is the dominant cation
with appreciable magnesium concentrations. To identify the aquifer’s recharge areas, the environmental stable isotopes oxygen
and hydrogen, deuterium, and '®0 were analysed. The unaltered §'*0 and 8D signatures for the groundwater of the major
springs allows identifying the recharge area of these emergencies at elevations ranging from 900 m to 1000 m (a.s.l.), pointing
out the presence of deeper flow regime feeding of these springs. The groundwater sample isotopic characteristics of D and '*0
suggest that most of the groundwater is recharged directly by infiltration in a high-permeability medium.

1. Introduction

In Mediterranean countries, water availability is a key factor
for social and economic development. Recent changes in
demography and lifestyle, agricultural land use and irriga-
tion, tourism development, and climate change projections
point to an increase in water scarcity and environmental
problems with negative implications towards current and
future sustainability [1-3]. The balance between water
demand and water availability has reached critical levels in
many regions; for this reason, a sustainable approach to
water resource management is required. This is able to

consider the interactions among climate change impacts
and water scarcity, surface water and groundwater pollution,
and water engineering and human systems including societal
resilience and adaptations [4, 5]. Groundwater represents
important freshwater resources, used as drinking water
supply for agricultural and industrial purposes. Climate
variability and human change affect groundwater systems
contributing to the decrease in water availability, both
directly through modifications in aquifer recharge and
indirectly through changes in groundwater quality and use
[6]. According to the European and Italian Laws [7-9] on
the protection of groundwater against deterioration and
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pollution, it is necessary to apply the most appropriate
actions and procedures at the hydrogeological basin scale.
These actions, finalized to define strategic sustainable man-
agement processes, must be able to prevent or contain the
potential depletion and pollution of groundwater resources,
also taking into account mitigation strategies for climate
change impacts [10, 11].

These precious resources, widely exploited, are not
distributed at regional level and within each country, in a
homogeneous way. The increase in groundwater exploitation
poses a severe risk to the availability of the water resources,
and the resulting resource scarcity is a major concern in most
countries of the Mediterranean region.

Thus, in the last decades, many researches and studies
have been planned, devoted to the assessment of the ground-
water quantity, quality, and trends. The hydrogeological and
groundwater hydrogeochemical assessments have a primary
importance to define the hydrogeological conditions of the
systems for implementing a sustainable integrated manage-
ment of groundwater.

Hydrochemical characteristics and stable isotope compo-
sitions of groundwater provide important data regarding the
water-rock interaction along flow paths, groundwater mix-
ing due to different aquifers and hydrological processes,
and area and timing of groundwater recharge for the
comprehensive understanding of the hydrodynamic and
hydrogeological setting [12—-15]. In particular, stable isotopes
of oxygen and hydrogen (6180 and 8D) are useful as space
tracers of hydrological processes in aquifers, to determine
the elevation and conditions of the recharge areas [16-18].

In the Basilicata region (southern Italy), extensive karst
and fractured carbonate hydrostructures due to their peculiar
geostructural features and hydrogeological conditions are
characterized by the presence of a considerable number of
springs of good quality.

In order to contribute to an improved understanding of
the hydrogeological setting and the groundwater hydrogeo-
chemical characterization of the still poorly understood
carbonate hydrostructure of the Lauria Mountains northern
sector (southern Apennines), a comprehensive methodolog-
ical approach was applied. Investigations included geological
and hydrogeological field studies to understand the specific
characteristics of the hydrogeological system, groundwater
sampling at the springs, and chemical analysis of the major
elements and stable isotopes (6180 and &D) to define the
hydrogeochemical processes and the recharge area of the
major springs.

This will help to provide insight and support in defining
groundwater appropriate development actions and strate-
gies, into comprehensive, sustainable, and efficient water
resource assessment and management to overcome the
future and increase freshwater demands, during the drought
periods and in a changing climate scenario.

2. Study Area

The morphostructure of the northern sector of the Lauria
Mounts, geographically located along the Calabrian-
Lucanian regional border, in the southern-western part of
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the Basilicata region, is oriented in the W-E direction from
Lauria to Castelluccio villages. It is bordered by the watershed
of the Sinni River to the N, by the Torrente Peschiera to the
NE, and by the urban areas of Castelluccio Superiore and
Castelluccio Inferiore to the E. The Mercure River basin
bounds the carbonate massif in the SE sector, the Valico
Prestieri and Fosso Mancosa in the southern sector, Serra
La Nocara to the SW by the Lauria urban area, and the lower
part of the Torrente Caffaro tributary of the Noce River to the
W. The morphostructure includes the reliefs of La Spina
(1652m) and Zaccana (1580 m) Mounts, Castello Starsia
(1387m), Serra Rotonda (1285m), and Serra Tornesiello
(1185m) (Figure 1).

The geographic location of the study area, immediately
inside the imposing Apennine Chain, which rises along the
Tyrrhenian coast, has a strong impact on climate factors.
The nearness to the sea confers its beneficial effect to the
climate which results to be substantially mild, despite the
elevations of the territory, with a very high average annual
precipitation of about 1550 mm. The annual typical Mediter-
ranean rainfall regime involves very rainy winters and dry
summers. The maximum monthly precipitation value is
recorded in December, the minimum in July. The regime of
temperature is essentially characterized by the mean maxi-
mum value of about 23°C in summer that always occurs in
the months of July-August and the mean minimum value
of about 6.5°C in winter. The average annual temperature is
instead about 14°C. The hydrographic network is mainly
present on the carbonate rocks that form the central structure
and on the alluvial deposits characterized by good perme-
ability and low slope gradients. The development of minor
streams is controlled by the state of fracturing of the car-
bonate and is distributed around several directions.

The straight segments of streams (e.g., Torrente Caffaro,
Fosso Mancosa) are strongly related to the main fault systems
that evidently have conditioned the hydrographic network
development. In the SE edge of Serra Rotonda, a small lake,
Lago La Rotonda, with a seasonal regime is located in a small
endorheic basin; it has a water-extended surface in rainy
months and dry in the summer. The lake is generated in
correspondence of a karst polje, in which, at the bottom,
detritical and palustrine deposits are present. The morpho-
structure hosts an important carbonate hydrostructure,
drained by many springs some of which are characterized
by huge groundwater discharges.

3. Geological Setting of the Lauria Mounts

The Lauria Mountains consist of a series of ridges, coincident
with morphostructures with a N120" SE pattern, located to
the west of the Mercure Basin, which separates them from
the neighbouring mountains of the Pollino Chain and repre-
sents the link between the Campanian-Lucanian Apennine
and the domains belonging to the crystalline-metamorphic
sedimentary rocks of the Calabrian-Peloritan Arc.

The Lauria Mountains, characterized by a significant
geological and structural complexity, represent a high struc-
ture consisting of the Meso-Cenozoic calcareous-dolomitic
succession, referable to the Alburno-Cervati-Pollino Unit
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FIGURE 1: Geographic location, digital elevation, and hydrographic network of the study area.

[19], constituting the monoclines of the Calabrian-Lucanian
border, confined by the Miocene argillite-marly flysch.

In particular, in the Lauria Mountains it is possible to
distinguish the Lauria-Castelluccio northern ridge, consist-
ing of the main reliefs of Castello Starsia, Serra Rotonda, La
Spina, and Zaccana, where carbonates, from Triassic to
Cretaceous, such as dolomites, dolomitic limestones, and
limestones constitute the central structure, while terrigenous
sediments are present along the lower part of the northern
slopes. Quaternary sediments organized in different conti-
nental depositional environments fill the southern sector.
This morphostructure is separated from the southern
Trecchina-Laino ridge by a tectonic line with a transcurrent
trend oriented N110°-120" that has cut the existing plicative
structures. Cretaceous limestones of the Serra San Filippo
and Serra La Nocara reliefs and Jurassic-Cretaceous lime-
stones of the Rossino and Fossino Mounts constitute the
southern morphostructure.

The morphodynamic evolution of the Pollino Chain and
Lauria Mountains has been highly controlled by the transcur-
rent and distensive Plio-Quaternary fragile tectonics [20-22].

The transcurrent deformation, active from the Upper
Pliocene, whose faults are subsequently reactivated in the
extensional system [22, 23], produces a complex structural
pattern [24]. Several geological and structural studies of the
entire area [21, 23, 25] made it possible to place a time
constraint to the transcurrent activity, which is still present
during the Sicilian, while the extensional tectonic, still active,
develops starting from the passage between the Lower and
Middle Pleistocene.

The tectonic structures oriented approximately N120°
are extremely important, as responsible for the genesis
and evolution of many quaternary basins, including those
present in the Calabrian-Lucanian border [22].

The morphostructure of the northern sector of the Lauria
Mountains, oriented in the WNW-SSE direction, is located to
the north-west sector of the Mercure Basin, which separates
the carbonate structure from the neighbouring mountains
of the Pollino Chain [26].

The study area highlights different fault systems, with
predominantly Apennine faults orientation N120 + 10° and
distributed fault systems oriented N-S and N30°-50°, gener-
ally in association with thrusts and folds [26] (Figure 2).

The carbonate morphostructure is bordered by high-
angle transcurrent and extensional faults that generated
a series of depressions filled by Quaternary continental
deposits and by Miocene terrigenous deposits [25]. Carbon-
ate successions are bounded to the north by an important
thrust front with N-NE vergence, produced by the transla-
tional tectonics that led Liguridi and Sicilidi-Affinity Units
to overlap on Carbonate Units of the Apennine Platform
and on Lagonegresi Units [27].

The presence of the fault with NNW-SSE direction,
which plunges to WSW with a fault throw of about 400 m,
divides the limestone-dolomitic area in two zones, the
first one to the west and the second to the east of the
mentioned fault.

This fault starts from Lago La Rotonda and, passing
between Castello Starsia and the right side of Serra
Tornesiello, reaches Campo del Galdo, in correspondence
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FIGURE 2: Geological map of the Lauria Mountains northern sector (adapted from ISPRA, 2016 [31]).

to the base of the western slope of the La Spina Mount. A
network of normal faults characterized by three main sys-
tems with NNW-SSE, SW-NE, and E-W directions, globally
affects and lowers the western area of this fault.

In the study area are different distinguishable
stratigraphic-tectonic units that constitute the structure
of the Lucanian Apennines [19] (Figure 2).

Lagonegresi Units, outcropping only limited along the
northern external borders of the morphostructure, represent
the sedimentary succession of the Lagonegrese Basin [28]
constituted, from the bottom to the top, by the Monte Facito
Formation (Lower-Middle Triassic), the Cherty Limestone
Formation (Upper Triassic), the Siliceous Schist Formation
(Cretaceous-Jurassic), and the Galestri Formation (Jurassic
Superior) [27, 29-31].

Carbonate Units of the Campanian-Lucanian Platform,
represented by the calcareous and calcareous-dolomitic
Mesozoic succession [32], overlay the Lagonegro Units.
Carbonate Units constitute the entire structure of the Lauria
Mountains. Carbonate successions belong to the tectonic

units of the Maddalena Mounts and Foraporta Mount and
to the Alburno-Cervati-Pollino Unit and comprehend, from
the bottom to the top, red shales and cherty limestone of
the Middle Triassic, followed by a powerful succession of
dolomites (Upper Triassic) and limestones, with subordinate
marls [32].

Liguridi Units, present in the area surrounding the
northern morphostructure of the Lauria Mountains and
extensively to the north-east sector of Castelluccio Superiore,
include the turbidite succession of the Liguride Complex
(Cretaceous-Oligocene) [33-35].

It represents the remaining part of an accretionary
wedge, subsequently divided into two tectonic units: the
metamorphic Frido Unit and the unmetamorphosed Cilento
Unit [19, 29, 36, 37], which include the Crete Nere, Saraceno
(north-Calabrian Units), and Albidona Formations (intra-
Chain Basin Deposits) [38]. At these formations are tec-
tonically overlapping deposits ascribed to the “Sicilide
Affinity Units,” made up of marly, calcarenite-clayey, and
arenaceous-pelitic deposits (Upper Cretaceous-Oligocene);
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the Torbido River Unit, consisting of marly and calcilutite
limestone with nodules of chert, calcarenites, sandstones,
and red argillites (Middle-Oligocene Eocene), stands above
tectonically to these deposits [39].

The aforementioned deposits appear to be those geomet-
rically higher than the south-Apennine Chain and mainly
outcrop along the western border of the morphostructure,
at N and NE of Serra Rotonda.

Quaternary deposits include different clastic deposits
such as gravelly-sandy and subordinately sandy-loamed
deposits, as well as clayey and marly continental sediments
of the Noce and Mercure fluviolacustrine basins. These
deposits are present mostly in the SE part of the study area
attributable to different accumulation phases and intercala-
tions of paleosols formed by brown silty clays with skeletons
of different sizes, which testify to repeated periods of stasis
in alluvial sedimentation. Sandy-gravelly deposits, colluvial
deposits, and detrital cones of the Upper Pleistocene-
Holocene outcropping almost everywhere along the southern
slopes of the hydrostructure form a series of alluvial fan
deposits that are interdigitated to the middle-Pleistocene
lacustrine deposits of the Mercure Basin [22].

4. Hydrogeological Characterization of the
Carbonate Hydrostructure

4.1. Geomorphological and Structural Factors’ Role on the
Aquifer System. The geostructural and geomorphological
peculiarities of the morphostructure strongly affect the
complex hydrogeological setting of the hydrostructure, the
groundwater flow directions, and the presence of the springs.
The carried-out hydrogeological and hydrogeochemical
surveys highlight that the geometrical configuration of the
carbonate hydrostructure of the Lauria Mounts northern
sector is structured according to different carbonate aqui-
fers. Major faults and karst or fracturing conditions define
the hydrogeological watersheds, to places with under-
ground water interchanges, with different hydrogeological
and hydrodynamic characteristics, and organize in the
carbonate rocks’ distinct groundwater flow patterns.
Based on the distinct geolithological, structural features
and relative permeability of the stratigraphic-tectonic units,
different hydrogeological complexes have been distinguished
in the study area [40], each of them characterized by common
spatial arrangement, prevalent permeability, and a degree of
relative permeability restrained in a narrow range [41].
Limestones, dolomitic limestones, and dolomites con-
stitute the Carbonate Complex that host the most impor-
tant aquifers drained by the springs with major discharge
amounts. It can be divided into three subcomplexes
depending on the presence or absence of the karst process
and forms (dolines and cavities) and the density of rock
fracturing state; the hydraulic conductivity ranges from
10* m/s to 10 m/s [42], and the relative permeability varies
from medium-high to very high, representing the favoured
complex for the infiltration.
The Conglomerate Complex, mainly outcropping in the
south-eastern part of the investigated area, consists of con-
glomerates and breccias. Characterized by a medium-high

degree of relative permeability, it presents a discrete ground-
water flow fed by the carbonate complexes. This complex
stores part of the groundwater amount and allows the
emergence of smaller springs.

The Calcarenite Complex, made of a gray well-layered
calcarenite succession with frequent intercalations of marls,
has a subordinate role in the local hydrogeological frame-
work, which presents a medium degree of relative perme-
ability due to the presence of the rock fractures.

The Detritical Complex, constituted by heteroge-
neous conglomerates and gravels with different cementation
degrees, includes the detritical and clastic deposits that con-
stitute the alluvial fans and the debris cones. Its hydraulic
conductivity ranges from 10”7 m/s to 10”> m/s with a medium
degree of relative permeability [42].

The Fluviolacustrine Complex, characterized by a
medium-low degree of relative permeability, comprehends
clays, marly clays, layered clayey marls with sandy layers,
and polygenic conglomerates rich in sandy matrix. It is
largely made up by the quaternary deposits of the Mercure
Basin that borders the carbonate hydrostructure along its
southern boundary.

The Clayey-Marly Complex includes pelagic and chaotic
sequences of varicoloured clays, marls, and marly limestone,
belonging to the Sicilidi-Affinity and Lagonegresi Units and
quartzites; clays and marls referable to the Frido Unit,
in which even ophiolitic elements can be distinguished
[43-45]; and arenaceous-pelitic alternation belonging to
the Flysch of Albidona. This complex has a low degree
of relative permeability, borders the carbonate hydrostruc-
ture, and plays an important hydrogeological role represent-
ing the limit of permeability in some parts of the system; the
hydraulic conductivity is <10 m/s [42].

The geometry of the carbonate hydrostructure and the
underground watershed are mainly defined by the structural
elements present throughout the entire hydrostructure, such
as faults and thrust, tectonic deformation bands, and karst
and fracturing state of rocks.

The assessment of the karst phenomena in the area was
based mainly on the recognition of the surface karst forms;
the entity of the underground karstic development is evinced
considering the geomorphological context and the spring’s
emergency areas that leads to the consideration of the
presence of evolved fractures and karstic conduits. The pres-
ence of the karst morphologies, on the dolomitic limestones,
suggests a local prevalence of the calcareous component on
the dolomite. They represent the surface trace of a developed
underground karst network.

This specific hydrogeological setting bordered laterally by
major faults and characterized by subsurface boundaries, due
to tectonic elements, lithological arrangement, and develop-
ment of karst network, influences the different groundwater
flow directions and the emergence of numerous springs,
distinguishing two aquifers with different hydrogeological
and hydrodynamic characteristics (Figure 3).

The Lauria and La Spina-Zaccana aquifers, both char-
acterized by the presence of important springs, located in
the western and eastern parts of the carbonate massif, at
altitudes between 315m and 504 m a.s.], represent strategic
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water resources for the area and for the Basilicata
region. Several other emergencies with smaller groundwa-
ter amounts are present along the border of the carbonate
hydrostructure (Figure 3).

The groundwater flow, conditioned by different factors
such as tectonic arrangement, rock fracturing degree, karst
activity, and presence of the basal dolomite complex at the
south-eastern part of the aquifer system, essentially occurs
in two preferential directions.

The prevailing NE-SW and NW-SE directions are
oriented towards the areas where the major springs
emerge, most of which are not adequately exploited or
even uncollected.

4.2. Hydrogeological Features of the Lauria and La Spina-
Zaccana Aquifers. The Lauria Aquifer is characterized by an
evident stratigraphic-structural complexity. The carbonate
structure is affected by a dense network of high angle direct
faults, which develop the geometry of en-echelon from Lago
La Rotonda to Campo del Galdo. This direct fault system
shows a vertical fault throw of at least 400 meters and gets
down the entire western block of the Lauria Ridge with
respect to the La Spina-Zaccana Ridge.

The most evident consequence of this remarkable
dislocation is represented by the difference of the lithological
outcrops between the two blocks: in fact, while the lime-
stones outcropping mainly characterizes the lowered western

block of the Lauria side, the eastern block is largely consti-
tuted by the outcrops of the deepest dolomitic limestones
and dolomites.

In correspondence of this fault system, the distribution of
the layered carbonate succession defines an anticlinal fold
with the axial zone localized between Castello Starsia and
La Spina Mount; it can be considered the tectonic structure
that presumably corresponds to the hydrogeological water-
shed between the two aquifers.

Argillite-marly flysch and clayey-marly flysch bound, to
the north and to the west, the carbonate aquifer, consisting
limestones and dolomitic limestones. Argillite and marly
limestones outcrop to the south, and the most markedly
dolomitic terms emerge to the east characterized by an
intense fracturing state. The groundwater pathways, influ-
enced by the presence of different faults, has the preferential
flow direction oriented NE-SW. It starts from the hydrogeo-
logical watershed with the La Spina-Zaccana aquifer and is
directed towards the main emergencies located at W of the
hydrostructure. The main springs, located in the municipal-
ity of Lauria, such as Caffaro-Mandarino, Caffaro, and Arena
Bianca, reach a total capacity of about 845Ls™" [46].

The three different important emergencies of Caffaro-
Mandarino with the flow rate of about 0.81m®s™! [46],
located on the edge of the carbonate structure, is tamponed
by the clayey-marly flysch formations of the Sicilidi- Afhinity
Unit. The group of Caffaro-Mandarino springs represents
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the delivery points of the deep aquifer groundwater flow.
Nowadays, its discharge is partly used for hydroelectric
purposes.

The Caffaro Spring did not naturally emerge, but the
derivation of the draining tunnel was realized for a hydroe-
lectrical system; the flow rate of the Caffaro is equal to
25Ls™" [46]. Some quantities of water flow in the detritical
deposits or feed the minor springs: Alagia, Martino, and
Montepesco, placing a different altitude, refer to shallow
underground water circuits that characterize the variable
regime of the small flow rates. Those positioned on average
from 645 to 1120m a.s.l. are located in two distinct areas
enclosed between the northern slopes of Castello Starsia
and the southern side of Serra Tornesiello. Starsia and
Menavoli springs with 4Ls™ flow rates are used for local
needs (Figure 3). The presence of some springs at the
northern edge of the hydrostructure is due to the under-
ground water transfers of the carbonate rocks towards the
flysch deposits in the most permeable areas and towards
the detrital cover.

The La Spina-Zaccana aquifer constitutes the central-
eastern portion of the northern area of the Lauria Mountains
and consists of the two reliefs of La Spina and Zaccana
Mounts.

The dolomites and dolomitic limestones represent the
dominant geological formations and are constituted, at the
bottom, by a monotonous succession of gray and micro-
and macro-crystalline dolomites. Fluviolacustrine deposits
of the Mercure Basin and a series of continental quaternary
deposits, mainly present in the southern boundary of the
aquifer and in some peripheral sectors of the La Spina-
Zaccana ridge, are represented by coarse and subordinately
fine clastic sediments, consisting of clays and marls.

Although dolomitic limestone and dolomite are consid-
ered part of a single succession in original stratigraphic
continuity, a band of intense cataclastic deformation is evi-
dent at their contact, which is therefore to be considered of
tectonic type. It has already been recognized in the study area
[20, 47] and interpreted as a low-angle tectonic contact with a
predominantly extensional or transtensive kinematics of a
younger on older [48]. The carbonate aquifer is bounded
almost in all directions by exclusively tectonic contacts of
different nature and kinematics and stratigraphic places.

The north-western boundary of the hydrostructure is
located in the anticlinal hinge zone of the Castello Starsia-
La Spina Mount. At its north-eastern edge, however, the
aquifer is bounded by a thrust, to places lowered by some
normal faults, which superimposes the argillite-marly forma-
tions on the carbonates. Along the southern edge, the La
Spina-Zaccana substructure is bounded by an important
fault, indicated as Castelluccio Fault, with high inclination,
oriented in the N120° direction and submerged towards
SSO. It is formed in the Pleistocene with a left transcurrent
kinematics subsequently reactivated as a direct fault in the
upper Pleistocene.

The high and steep slope that characterizes the southern
side of the La Spina-Zaccana ridge morphologically high-
lights the high rate of activity of this fault and its consid-
erable vertical throw. Within its limits, the La Spina-Zaccana

morphostructure does not seem to be crossed by major faults,
except for the NS subvertical direct fault present in the south-
ern slope that intersects the Castelluccio Fault and which
lowers the eastern sector.

The Castelluccio Fault acts as the morphostructural
southern limit of the structure and from a hydrogeological
point of view represents the superimposed permeability
threshold of the San Giovanni spring front.

The La Spina-Zaccana carbonate aquifer represents
significant groundwater resources, well fed and drained in
large part from the San Giovanni spring; minor emergencies
of less potentiality are scattered throughout the south-eastern
sector of the structure (Figure 3).

Along the entire southern slope of the La Spina-Zaccana
Ridge, the Castelluccio Fault places in tectonic contact the
carbonate rocks of the aquifer with the Pleistocene fluviola-
custrine deposits of the Mercure Basin. The geometry of the
aquifer, its main hydrogeological characteristics, the under-
ground water circulation, and the groundwater emergencies
are closely connected to the geological, structural, and karst
arrangement. The recharge area, essentially located at high
altitudes of the hydrostructure, includes the main reliefs of
the study area, towards the W-E direction.

The groundwater flow, predominantly, in the NW-SE
direction, feeds the San Giovanni springs group, Acqua del
Lavatoio and Pantanello springs along the eastern edge of
Monte Zaccana. These springs have a total flow rate of about
580Ls" [46]. The San Giovanni spring front (at least 7
normal permanent springs) (mean discharge of 450Ls™)
[46], one of the most important groundwater resources of
the Lucanian Apennines, is located along a steep slope at an
altitude of between 480 m and 504 m. Groundwater is mainly,
if necessary, exploited for drinking purposes and irrigation
use. Other water emergencies, such as Peschiera, Salice
Sopra, Salice Sotto, and Sorgituro, drain limited surficial
aquifers characterized by shallow groundwater flow paths.

4.3. Sampling and Analytical Methods. Groundwater samples
were collected from 15 springs, some of them partially used
for drinking, irrigation, and hydroelectrical purposes, during
a single field trip in May 2017. During the rainy season,
another sampling was carried out only for isotopic analyses
(November 2017).

The sampling sites, located mainly in the western and
eastern sectors of the hydrostructure, were selected based
on the complex hydrogeological geometry and hydrody-
namic characteristics of the aquifers (Figure 3).

Groundwater springs were sampled to define the main
hydrogeological and hydrogeochemical processes controlling
the chemical properties. Physicochemical parameters includ-
ing groundwater temperature, pH, and electrical conduc-
tivity were measured in situ. One filtered aliquot (using
0.45 ym cellulose acetate filters) and one filtered and acidified
(with HNO,) aliquot were collected and stored in low-
density polyethylene bottles for laboratory analysis of major
elements. The major elements were determined by ion
chromatography, IC Metrohm 850 Professional. Cations
(Na*, K*, Ca®*, and Mg"") were separated by a Metrosep C
4 250/4.0 column using 3.0 mM HNO; as eluent and a flow



Geofluids

TaBLE 1: Physicochemical parameters of the groundwater samples.

Spring name Sample Est North Altitude (a.s.l.) Discharge (L/s) pH EC (pS/cm) T (°C)
Alagia P1 576401 4435186 920 2 7.2 550 10.9
Arena Bianca P2 577083 4436071 735 11 7.7 383 11.6
Martino P3 576032 4433888 1120 1 7.3 397 9.8
Montepesco P4 577580 4435661 950 4 7.5 387 10.8
Caffaro P5 574107 4432297 640 25 7.6 365 10.8
Caffaro M. P6 571133 4433471 315 810 7.8 369 11.7
Menavoli p7 573333 4432955 645 2 7.2 498 13.2
Starsia P8 576448 4432836 835 4 7.4 535 12.7
Acqua Lavat. P9 583972 4429592 705 4 7.7 430 10.2
Pantanello P10 584918 4429849 630 16 7.5 425 114
Peschiera P11 584111 4432091 910 4 7.5 390 11.4
Salice Sopra P12 583759 4431779 925 5 7.5 372 13.4
Salice Sotto P13 583594 4431623 940 4 7.6 365 13.1
San Giovanni P14 583670 4429095 504 540 7.6 358 11.2
Sorgituro P15 583982 4430826 875 3 7.6 365 10.8
Discharge data are from Basilicata Region [36]. The sampling sites are in WGS1984 UTM Coordinate System Zone 33N.
TABLE 2: Major element concentrations of the spring’s groundwater sampled in the study area.

Sample Na® K" Mg* Ca*" cr NO, SO,> HCO, CS AS E - SI St

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)  (meq/L) (meq/L) (%) calcite dolomite
P1 4.1 0.5 11.8 62.0 4.5 1.0 2.8 251 4.3 4.3 -14  -03 -1.1
P2 6.1 0.4 13.4 62.8 8.5 44 7.6 252 4.5 4.6 -21 03 0.0
P3 4.4 0.6 8.2 60.1 5.8 0.1 4.6 232 3.9 4.1 -46 -0.2 -1.3
P4 3.6 0.5 11.1 58.0 4.4 1.2 33 240 4.0 4.1 -42 0.0 -0.6
P5 3.9 0.3 16.6 52.0 5.7 1.5 35 233 4.1 4.1 1.5 00 -0.3
P6 4.8 0.6 13.2 52.0 53 2.3 5.0 225 3.9 4.0 -1.6 05 0.5
pP7 6.3 0.2 4.7 73.0 8.2 1.7 8.0 245 4.3 44 -3.0 -0.2 -1.3
P8 5.8 1.4 8.4 62.0 6.9 4.1 9.5 228 4.1 4.2 -29 00 -0.8
P9 3.9 0.2 18.6 52.8 5.6 1.8 4.6 245 4.3 4.3 1.0 0.2 0.0
P10 5.6 1.4 12.2 66.7 6.2 8.1 5.0 256 4.6 4.6 0.0 0.1 -0.4
P11 3.6 0.5 11.1 62.5 4.7 1.9 39 244 4.2 4.2 -1.0 0.0 -0.5
P12 3.6 1.5 12.9 74.2 3.8 0.1 0.8 297 5.0 5.0 -0.7 02 -0.1
P13 39 0.6 12.7 57.9 5.7 1.7 4.0 233 4.1 4.1 0.6 0.1 -0.2
P14 4.8 0.2 20.1 40.8 7.2 0.1 32 220 3.9 3.9 0.9 0.3 -0.3
P15 5.0 0.5 15.0 51.8 7.2 2.9 6.2 224 4.0 4.1 -0.2 0.0 -0.5

rate of 0.9mL/min, whereas anions (F~, CI", NO;~, and
SO,”) by a Metrosep A supp7 250/40 column using
3.6mM Na,CO; as eluent at a flow rate of 0.7mL/min.
Alkalinity was determined by titration with 0.1 N HCL The
analytical precision was always better than 5% for each ana-
lysed species, and the ion balance (i.e., the difference between
the cations and anions sum) was always within 3%.

The geochemical software PHREEQC 3.0 [49, 50] was
used to calculate aqueous speciation of the investigated
elements. Saturation index, defined as SI=log (IAP/Kt),
IAP being the ion activity product of the mineral-water reac-
tion and Kt the thermodynamic equilibrium constant at the
measured temperature, were calculated by ion activities.

Thus, SI=0 indicates a thermodynamic equilibrium state,
and values >0 denote oversaturation and <0 undersaturation.

The field chemical composition of the analytical results
and the saturation index (SI) values for calcite and dolomite
are reported are listed in Tables 1 and 2.

Validation procedures characterize the analytical perfor-
mance of laboratory tests in order to understand its capability
and limitations. The limit of detection and the limit of quan-
titation (LOD and LOQ) are the parameters used to describe
the analytical sensitivity of an analytical procedure.

The detection limit, LOD, represents the smallest con-
centration of an analyte in a sample that can be detected with
reliable statistical certainty under the stated conditions of the
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analytical test, with no guarantee about the bias or impreci-
sion of the result.

The value is determined as the analyte concentration
corresponding to the sample blank value plus three stan-
dard deviations:

where X, is the mean concentration of the blank and S, is
the standard deviation of the blank.

The LOQ is the lowest analyte concentration, determined
with acceptable precision and accuracy under the stated
conditions of the test, and corresponding to the sample
blank value plus ten standard deviations as shown in the
following equation:

where X, is the mean concentration and S is the standard
deviation of the blank.

The weakness is that there is no objective evidence to
prove that a low concentration of analyte will indeed produce
a signal distinguishable from a blank (zero concentration)
sample [51]. Results of the detection and quantification limits
of the analyzed elements are expressed in Table 3.

To evaluate the interrelationships affecting the distri-
bution of the major chemical elements, an R-mode factor
analysis was performed.

Factor analysis provides a way to reduce the data to an
easily interpretable form, by identifying chemical signatures
expressed through statistically significant factors determined
by the analysis.

R-mode factor analysis was undertaken by the Stat-
graphics Centurion X VI package [52], and factor component
matrix is extracted (Table 4).

This matrix, showing the impact coefficient of the two
extracted components, evidences the link between these
components and the groups of variables.

The '*0/'°0 and *H/'H ratios were determined by
isotope ratio mass spectrometry (IRMS). Oxygen isotope
measurements were carried out by using a Gas Bench periph-
eral coupled with a Thermo Delta V mass spectrometer. A
TC-EA peripheral interfaced by means of a ConFlo IV with
a Thermo Delta XP mass spectrometer was used for hydro-
gen isotopes. Results are expressed in terms of d-values (i.e.,
8D and 6'°0) with respect to the Vienna Standard Mean
Ocean Water (VSMOW) as follows:

R -R
6[%0] _ sample VSMOV % 1000, (3)
Rysmov
where Ry, is the stable-isotope ratio (H/'H or '*0/'°0)

of the sample and Rygyoy is the ratio for VSMOW. The
analytical error for IRMS was +0.1%o for §'°0 and better
than +1%o for 6D. The isotopic data of the two sampling
periods are reported in Table 5.

TaBLE 3: Detection limit (LOD) and quantitation limit (LOQ) of the
major element concentrations.

Element LOD (mg/L) LOQ (mg/L)
Na 0.28 0.94
K 0.18 0.67
Mg 0.15 0.49
Ca 0.17 0.56
Cl 0.48 1.61
SO 0.28 1.63
NO 0.1 1.14
TaBLE 4: R-mode factor analysis results.
Component 1 Component 2
EC 0.125 0.606
pH -0.101 -0.503
Na* 0.962 0.137
K* -0.005 0.606
Mg -0.318 -0.571
Ca* 0.093 0.956
Cr 0.859 -0.235
NO; 0.490 0.223
S0,” 0.923 0.039
HCO, -0.343 0.719

TaBLE 5: Stable isotope composition of groundwater collected in
two sampling periods.

Sample 8'*0 8D 8'%0 8D
May 17 Nov 17
P1 -8.1 -48 -8.8 -54
P2 -8.2 -47 -8.7 -53
P3 8.2 -49 -89 -54
P4 7.6 -45 -8.6 -53
P5 7.7 -46 -8.4 -52
P6 7.8 -46 -8.6 -51
P7 7.5 -42 -8.4 -52
P8 7.5 -45 -85 -50
P9 7.5 -44 83 -50
P10 7.6 -44 82 -52
P11 7.7 -44 83 -52
P12 -8.4 -52 -85 -53
P13 7.8 -43 -8.4 -50
P14 -85 -52 -8.6 -53
P15 -8.6 -53 -8.6 -54

The isotope composition of O and H is reported in & units per mil vs.
the V-SMOW standard. The analytical error was +0.1%0 for 8'°0 and
better than +1%o for 8D.

5. Results and Discussion

5.1. Chemical Composition of Groundwater. Groundwater
samples are characterized by low electrical conductivity
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FIGURE 4: Piper diagram showing the groundwater hydrogeochemical facies.

(EC) values, ranging from 358 to 550 uS/cm, alkaline pH
values (from 7.2 to 7.8) and temperature values between
9.8 and 13.4°C. The bicarbonate is the main anion in solu-
tion with concentrations ranging between 220 mg/L and
297 mg/L with an average value of 242 mg/L. Calcium and
magnesium are the most abundant cations with average
values of 59.2 and 12.7 mg/L, respectively.

NO; concentrations range from 0.1 mg/L to 8.1 mg/L and
are lower than the maximum admissible concentrations
defined by the Italian Law [53]. All the sampled ground-
water records the following order of abundance in terms
of cation and anion concentrations: Ca®">Mg**>Na*>K"
and HCO,>CI>S80,>>NO,. Magnesium and sulphates
charge the greatest concentration variations.

The hydrogeochemical facies of groundwater, deter-
mined using the Piper diagram [54], shows that the investi-
gated groundwater has a homogenous distribution with
bicarbonate alkaline-earth composition (Figure 4).

To assess the role of the dissolution mechanisms of
carbonate compounds the relationship of HCO;™ to Ca**
Mg** has been verified. The observation points tend to fall
above y = x (dissolution of carbonates), indicating that Ca**
and Mg”" ions would originate from calcite and dolomite
mineral dissolution in the carbonate rock areas (Figure 5).

In consideration of the geological context in which the
investigated springs occur, it is to be considered that this
correlation is mainly due to the dissolution of the calcium

carbonate and in a minor way of the magnesium carbonate,
dominant in these carbonate deposits.

The carbon dioxide of the soil reacts with water and
carbonate rocks dissolving calcite and dolomite according
to the following reactions:

CaCO; +2CO, +2H,0 = 2Ca*" + 4HCO,~

CaMg(CO;), +2CO, +2H,0 = Ca®* + Mg** + 4HCO,~
(4)

In Figures 6(a) and 6(b), the saturation indices (SI) for
calcite and dolomite, expressed in logarithmic form, in
relation to Mg/Ca ratio are shown. Most groundwater
samples are saturated or nearly saturated with respect to
calcite (Figure 6(a)). On the contrary, almost all of
groundwater samples are undersaturated with respect to
dolomite (Figure 6(b)).

The dolomite dissolution and concurrent precipita-
tion of calcite maintain water-mineral equilibrium (de-
dolomitazion) and increase Mg/Ca ratios along flow paths.
The scatter plot of Na* versus Cl” (Figure 7) indicates that
groundwater are well correlated (r* = 0.75) and show a Na/Cl
ratio higher than seawater (Na/Cl=0.86) and halite disso-
lution (Na/Cl=1). The Na*/Cl” > 1 relationship may be
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exchange process does not take place.

interpreted as representative of the weathering of silicates
(alkaline feldspar) or a process of ionic exchange.

In order to identify the possible process of ionic
exchange, the graph of the relationship of [(Ca**+Mg>") -
(HCO3"+SO42’)] vs. (Na'™-Cl") has been considered
(Figure 8). Ca®" and Mg** concentrations are corrected by
HCO, +S0,”", to exclude the contribution of ions from
carbonates and silicates. Na* concentration is corrected by
Cl™ to exclude Na" from atmospheric deposition [55].

Our data do not show a good correlation suggesting that
the ionic exchange process is not possible. Therefore, the rel-
ative Na-excess is probably due to interaction of water with
alkaline feldspar belonging to clastic rocks of the Frido Unit.

Factor analysis allowed verifying the important interde-
pendences among the chemical elements. The factor compo-
nent matrix (Table 4) determined by factor analysis explains
the relationship between the components and the variables.

The analysis shows that component 1 is related to the
sodium, sulphate, and chloride variables while electrical
conductivity, calcium, potassium, and bicarbonates are
linked to component 2.

The physical interpretation of the two factors is graphi-
cally evidenced in the two-component plot of Figure 9, where

two main groups of variables related to physicochemical data
of groundwater samples are shown and, even if they both fall
within the positive value field, are anticorrelated.

In component 1, it is clear that the ions of Na*, SO,*, and
CI', even if characterized by low concentrations, have a high
contribution in terms of correlation, indicating the interac-
tion of water with silicate minerals of the arenaceous-pelitic
flysch deposits. The loading of Na and Cl and their interrela-
tion, can derive also, to a lesser extent, from the contribution
of the sea spray provided by the high rainfall amounts of the
study area, due to the orographic conditions and the nearness
of the hydrostructure to the sea. The high permeability of the
carbonate formations due to the intense fracturing state and
karst processes promotes the infiltration of the precipitations
into the groundwater system.

The results of component 2 indicate that the high loading
factors of EC, Ca®*, HCO;",and K" can be associated with the
dissolution of carbonate into the aquifer system, which
increases the concentrations of these ions. Carbonate dissolu-
tion is the most important process affecting the ion concen-
trations of the groundwater of the samples. The loading
factor of Mg** represents the processes related to the dissolu-
tion of the dolomites and dolomitic limestones.
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Moreover, in the carbonate environments, in the pres-
ence of the arenaceous and marly flysch deposits, the effect
of water-flysch interactions acts as the dissolution mecha-
nisms of the silicates involving the release of detectable quan-
tity of Ca**, HCO,", Mg>*, K*, Na*, and H,SiO, [56, 57].

The factor scores of K™ and NO;’, characterized by very
low concentrations, do not have any discernible pattern,
and the nitrate ion has no significant lithologic source; the
correlation degree suggest that it may be associated mainly
with zootechnical activity or surface runoft of fertilizer used
for agricultural purposes.

5.2. 8D and §'°0 Groundwater Data. Groundwater shows
isotopic compositions ranging between -7.5%o and -8.6%o
for oxygen and -42%o and -54%o for deuterium.

The 6D and §'®0 relationship is plotted in Figure 10. All
groundwaters plot between the Global Meteoric Water Line
(GMWL) [58] and the Mediterranean Meteoric Water Line
(MMWL) [59]. This indicated that groundwaters have a
meteoric origin and secondary processes occurring after the
precipitation (i.e., evaporation, evapotranspiration, and/or
water-rock interaction) do not significantly change the
isotope ratios of groundwater.

Most of the groundwater springs sampled in November
2017 show an enrichment in O and D heavier isotopes than
do data measured in May 2017. The difference in §'°0 isoto-
pic composition between the samplings is superior to the
analytical error (0.1%o and 1%o for 6'°0 and 8D values,
respectively). This is possible because in these springs, the
contribution by seasonal rainfall is present, and this may be
due to an aquifer with low water capacity and relatively short
and shallow hydrogeological circuits through the sedimen-
tary units. Only a limited number of groundwater (P10,
P11, and P12 springs), sampled in November 2017, show
isotopic values similar to data recorded in May 2017. These
springs are not influenced by the seasonal variation of the

meteoric recharge. Therefore, under these conditions we
may assume that these springs drain the deep aquifers
characterized by deep groundwater flow pathways, where
the temporal variations of the isotopic ratios are usually
within the measurement error. In addition, these groundwa-
ters, showing mean oxygen isotope ratios between -8.4%o and
-8.6%o, are similar to the springs, located at high altitudes
>900 meters above sea level (as.l.), and pertaining to
relatively short and shallow hydrogeological circuits. This
finding allows estimating that the average altitude of the
recharge areas for the major springs characterized by
homogenous groundwater isotopic data ranges from 900 m
to 1000 ma.s.l.

6. Conclusions

This study focused on the hydrogeological setting and
groundwater hydrogeochemical assessment of the carbonate
hydrostructure of the Lauria Mountains northern sector
(southern Apennines). The complex hydrogeological envi-
ronment and the hydrodynamic characteristics of the aquifer
system reflect the geostructural peculiarities of the carbonate
hydrostructure. According to the stratigraphic and tectonic
setting, deep groundwater flow pathways feed the major
springs. The presence of these important springs plays a
considerable socioeconomic role for the interest of the entire
territory in terms of water availability.

Results highlight that hydrogeochemical and stable isoto-
pic investigations are useful to defining the hydrogeological
conceptual model of the aquifer system and representing
the essential tool to characterize groundwater chemical
assessment. Hydrogeochemical analysis elucidates that the
chemical compositions of groundwater depend from the
lithology and from the hydrodynamic characteristics of the
systems. It suggests that carbonate dissolution is the control-
ling factor for groundwater chemical properties. The factor
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analysis has demonstrated a greater usefulness in interpret-
ing the hydrogeochemical data relating to water-rock inter-
action processes with carbonate rocks and silicate minerals.

The main aim of this study was to achieve a deeper
understanding of the hydrogeological system and groundwa-
ter hydrogeochemical characteristics of the carbonate hydro-
structure, using a hydrogeological and hydrogeochemical
integrated approach, even in hydrogeological systems with
limited data availability, finalized at identifying available
groundwater resources.

At present, it is possible to argue that considerable
groundwater amounts can be used for supplementary and
substitutive uses, or to compensate for water emergencies,
through sustainable and opportune management actions
and strategies.

The current changes in hydrogeology should be faced by
improved focus on monitoring techniques and exploitation
of information; therefore, the relevance of this carbonate
hydrostructure requires further and more detailed knowl-
edge. The findings indicate that effort should be directed, in
the future, to the monitoring of the springs discharge, to
the detailed isotopic study of rainfall and groundwater, for
a better understanding of the preferential groundwater flow
directions, of recharge time, taking into account the impact
of climate change, in the perspective of protecting these
resources from depletion and contamination.
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The data used to support the findings of this study are
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In Tunisia, it has been proven through various previously published studies that agricultural overexploitation and urban and
industrial activities increase the risk of groundwater quality deterioration. The present study is a new research to be added to
groundwater appraisal and comes to assess groundwater quality of the phreatic Skhira aquifer in relation to surrounding
anthropic activities and also tries to evaluate potential risk threatenings of the local population. For that, 20 water well samples
covering the phreatic aquifer were analyzed for physical and chemical parameters, major cations and anions, nutrient elements,
fluorine, and some trace metal elements. Results show that the area close to the phosphogypsum storage site is the zone which is
the most affected by industrial activity. This area corresponds to the upstream part of the aquifer, in terms of the trending flow,
and records the highest conductivity values, high H,PO,’, F, SO,*, and Zn>" concentrations. Groundwater samples in this area
are also characterized by a relatively low hydrogen potential (acid pH). High NO;™ are recorded especially upstream of the
aquifer and are thought to be caused by high fertilizer use. Overall, most analyzed samples do not meet the World Health
Organization norms and therefore are not suitable as drinking waters. In addition, well water use for irrigation represents a
medium to high sodicity and alkanization risk. The current study sheds light on the increasing deterioration risk of the aquifer

and is an awakening call for decision-makers to imply means for urgent solutions.

1. Introduction

Either worldwide or on a regional or a local scale, groundwa-
ter pollution is gaining momentum and is fastly wide spread-
ing. The main causes are related to overexploitation, increase
in urban and industrial activities and a more generalized irri-
gation [1]. Such pollution induced a hydraulic disequilibrium
in terms of demand but also a remarkable increase in water
cost. Several Mediterranean countries are already facing a sit-
uation of severe water quality degradation [2]. In Tunisia, a
country with an arid climate, over most of its territory,
exploitable water resources became progressively limited
and unable to satisfy the increasing demand especially for
agricultural use and industrial development [3]. This water
crisis deepened with time and is unfortunately forecasted to
worsen in the future. Tunisia depends heavily on waterfall

and at the same time is subject to various natural and
anthropic processes which are rendering the water crisis even
worst. In fact, from the South, the Saharan dunes are in a
continuous progression towards the North and forest areas
are shrinking as a response to urban expansion. To this, we
add an agriculture centered on continuous water irrigation,
a low-citizen awareness of water importance and moderate
use, and an alarming worldwide climate change which is
foreseen. All these are combined factors making Tunisia sub-
ject to a tense water crisis which would become critical if
practical solutions are not applied in the near future. In addi-
tion, current mobilized waters may face more shortage due to
phreatic aquifer overexploitation, exploitation of nonrenew-
able underground deep aquifers, the siltation of dams, and
overall pollution which may affect all these resources. On
the other hand, groundwater resources of the Mediterranean
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coastal plains in the southern bank of the basin (Middle East
and North Africa) show a qualitative and quantitative dete-
rioration worsening with time [4].

In Tunisia, water aquifers constitute an important part of
water resources with a hydric potential representing 42% of
total volume, estimated at 4840 million m> [5]. However, sea-
water intrusion due to overexploitation, agricultural activity,
and industrial discharges may lead to the degradation of
groundwater quality and reduced opportunities for their
use. The assessment of the availability and quality of these
waters is becoming essential and crucial in the integrated
management of water resources.

In the southeast of Tunisia, the Skhira region is marked
by a high aridity with a deficiary hydric balance. The eco-
nomic activities in this region are diverse and have steadily
increased over the last twenty years. Since 1980, the introduc-
tion of new hydraulic-agricultural practices in the Skhira area
had greatly damaged the natural environment through the
increasing of exploitation wells [6]. There are currently over
600 wells, the majority of which are abandoned or are trans-
formed into deep boreholes [7]. Several previous studies have
shown that irrigation in arid zones leads to, inescapably,
major soil and groundwater degradation.

Industrial activities in the Skhira region are mainly
focused on production of chemical fertilizers and phosphoric
acid, by transformation of natural phosphates. This produc-
tion generates, in addition to gaseous and particulate emis-
sions into the atmosphere, a big quantity of liquid discharges
and huge amounts of phosphogypsum which is stored on site
[8, 9]. These discharges have an effect on the surrounding
environment, especially soil, and on the quality of surface
and underground waters [10]. The phreatic aquifer of Skhira
provides an important water resource, widely exploited to
satisty the growing social and economic needs in the region.
Thus, periodic monitoring of groundwater quality is essen-
tial. Within this context, this study is aimed at assessing the
phreatic aquifer water quality through specific parameters,
in particular the physical-chemical measurements, major cat-
ions and anions, the nutrient elements, fluorine, and some
trace metal elements. This will help to identify the various
factors and phenomena that govern their spatial variation
and to evaluate the groundwater suitability for human con-
sumption and irrigation purposes.

2. Presentation of the Study Area

The study area is located in the south-east part of Tunisia, on
the northern coast of the Gulf of Gabes, at 75 km south of the
Sfax City and at 60 km north of the Gabes City (Figure 1).
The study area is located between 34°20" and 34°54’ north lat-
itude and between 10°02’ and 10°42" east longitude. Agricul-
ture is the main economic activity in the Skhira region,
reinforced by phosphate industry. The Skhira region is under
the combined influence of a Saharan climate, hot and dry to
the Southwest, and a Mediterranean climate, relatively wet
and temperate to the North. It is characterized by scarce rains
becoming reasonably abundant during the cold period
between the months of November and April and totally
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drought between the months of May and October. The aver-
age annual precipitation is around 180mm. The mean
annual temperature is 23°C [11].

Geologically, the outcrops of the Skhira region consist
mainly of sandy-clay sediments termed the Segui formation,
rich in gypsum at the top with some thin silty sand levels
[12]. This formation is Miocene-Pliocene to Early Quater-
nary in age (Figure 2(a)). The Skhira aquifer, the current case
study, is constituted by sandy horizons either of upper
Miocene-Pliocene sediments in the downstream part or of
lower Pliocene-Villafranchien sediments in the upstream
side (Figure 2(b)). In shallow areas, the aquifer is represented
by permeable sandy and silty Quaternary sediments [13].

The Skhira aquifer is limited by the Bir Ali Ouedrane
aquifer in the north, Sebkhat Naouel in the west, the
Gabes-North aquifer in the south, and by the sea to the east
(Figure 1). This aquifer is mainly recharged by meteoric
waters. The piezometric level varies from 40m in the
upstream side to 10 m near the coast [14]. Groundwater flows
in a northwest to southeast direction, with a hydraulic gradi-
ent of 5.15.107 [15].

3. Materials and Methods

3.1. Sampling. Chemical characterization and spatial varia-
tion monitorings of Skhira groundwater quality were per-
formed in order to identify the polluting elements from
phosphogypsum waste in the industrial area and from the
overfertilization related to agricultural activities. A spatial
monitoring of different parameters of groundwater evalua-
tion was carried out in January 2014. Samples were taken
from 20 wells, which cover most of the Skhira phreatic aqui-
fer. We have to be precise that samples were selected only
from wells still in use and only those equipped with a pump-
ing system allowing water to be renewed. Abandoned wells
were not included in this study as we believe that they do
not represent the current status of the aquifer. For that, water
sampling at different depths was performed using a submers-
ible pump while respecting the sampling standards. We pro-
ceeded to water renewal by sufficient pumping, accompanied
by pH, conductivity, and dissolved oxygen content control.
Sampling was carried out when the values of these parame-
ters are believed to have been stabilized. Temperature, pH,
dissolved oxygen content, and conductivity were measured
in situ using calibrated portable digital meters. Samples taken
were acidified using a 0.1 NHNO, and kept at 4°C until final
laboratory analyses [16].

3.2. Analytical Methods. All geochemical analyses were car-
ried out at the Environment and Geochemistry Laboratory
of the Faculty of Sciences of Tunis. Laboratory analyses con-
cerned the nutrient elements (nitrates, nitrites, ammoniacal
nitrogen, and orthophosphates), major elements (Na*, K,
Ca*, Mg2+, CI, SO 42', and HCOy"), fluorine, and some trace
elements (Zn?*, AI>*, Cu®", and Fe*"). Anions and cations in
solution were analyzed by the following ion chromatography
technique: the aqueous sample is injected on an anion or cat-
ion column to separate the desired ions according to their
charges and their sizes. For example, fluorides, chlorides,
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FIGURE 1: Location map of the study area showing location sampled for groundwater analysis.

bicarbonates, nitrites, nitrates, phosphates, and sulphates in
solution are separated on an anionic column and quantified
by means of a conductimetric detector positioned at the col-
umn outlet [17].

3.3. Chemical Methods. The evaluation of water quality of the
Skhira aquifer was determined using different software
(AquaChem 2014.2 and XLSTAT 2013 for Windows) and
several methods such as geochemical methods combined
with GIS. In order to calculate the thermodynamic equilib-
rium of the Skhira groundwater in relation to associated
minerals in the reservoir rock and in the unsaturated zone
sediments, we used the PHREEQC program which allows
the determination of various coeflicient activities on the basis
of different established chemical laws (Debye-Huckel’s
simple law, Debye-Huckel’s extended law, and Water and
Debye-Huckel’s law). This program takes into account
kinetic laws in some reactions and allows simulating certain
phenomena at the water-sediment interface of the unsatu-
rated zone [18].

3.4. Statistical Analysis. In this study, geostatical modeling
was applied to all gathered physical and chemical data on
all studied wells of the Skhira aquifer. This modeling com-
bines the SIG tool to geostatical techniques. The interpolation
of ordinary “Krigeag” shows a good prediction of the average
error close to zero. After applying different variogram models
for each groundwater quality parameter of the current study,
the error was calculated using cross-validation and is listed in
Table 1. The best found kriging parameters were selected
from the cross-validation results. The groundwater quality
prediction maps (Figures 3-5) show the concentration
distribution from the cross-validation process. This geosta-
tical approach generated spatial previsions for nonsampled
points through estimation of the lowest error [19].
Multivariate statistical analysis of the experimental data
has been performed using XLSTAT. In this study, only the
principal component analysis (PCA) and Pearson correla-
tion matrix analysis were undertaken. The application of
PCA offers a clearer understanding of groundwater quality
and enables comparison of the different waters as well as
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their geochemical correlations [20]. The combination of dif-
ferent established elements (samples and parameters) was
used to assess the spatial variation of the groundwater
chemical composition and to identify the most common
pollution sources.

4. Results and Discussion

4.1. Groundwater Geochemical Characteristics. Results of the
physical and chemical parameter analyses of 20 water sam-
ples collected from the Skhira aquifer are given in Table 2.
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TasLE 1: Fitted parameters of variogram for groundwater quality prediction maps.
Parameters ME RMSE AKSE MSPE RMSP
pH -0.0013 0.225 0.2317 -0.00219 0.9499
EC -2.803 127 130.9 -0.0117 0.66
NO, 0.315 11.07 12.75 -0.0021 0.91
H,PO, -1. 483 21.92 2242 -0.0633 1.66
8042 -0.957 18.21 17.28 -0.0205 0.87
F -0.044 1.33 2.06 0.0300 0.69

ME: mean error; RMSE: root mean squared error; AKSE: average kriging standard error; MSPE: mean standardized prediction error; RMSP: root mean square

standardized prediction.

The Skhira aquifer temperatures are little variable with values
ranging between 10.1 and 11.8°C. This little variation could
be related to the thermic equilibrium between geological
strata and infiltrated water.

The groundwater sample pH is overall neutral, with
values ranging between 6.45 and 7.19. The lowest values are
found within samples SK18 and SK19 which are under the
direct influence of gypsum-rich infiltrated waters supplied
from the industrial zones where phosphoric acid is processed
(Figure 3(a)). These supplied phosphogypsum leachates have
a low pH of 2.7 [21]. Water sample electrical conductivity
(EC) values range from 2820 to 17200 uS/cm. The EC spatial
repartition shows that the most charged waters with dis-
solved salt are those collected close to the phosphogypsum
storage zone. A general increase in EC is observed following
the water flow trends which are from south-west to south-
east and from north-west to north-east (Figure 3(b)). This
increase is related to the water-sediment interaction of the
unsaturated zone and to gypsiatic water infiltration. The lat-
ter shows an electric conductivity of 19000 uS/cm [21]. How-
ever, we have to emphasize that based on [14, 22-24], salinity
around the Skhira coast has increased with time from 1-
4mg/L to 2-10 mg/L between 1994 and 2013. This increase
is intimately related to water overexploitation of the aquifer.
Such increase suggests a marine intrusion, still to be thor-
oughly investigated in the future using isotopic signatures.

The dissolved O, contents range between 1.2 and
6.1 mg/L. The lowest value was recorded in the water sample
collected from the SK18 piezometer, located near the gypsatic
water storage ponds. The magnitude of the spatial variation
of these levels would be dependent on the thickness of the
unsaturated zone, the recharge rate, temperatures acting on
the solubility of oxygen, and the upstream-downstream mix-
ing effect [25].

H,PO,  is found to be the dominant form of inorganic
phosphorus dissolved in analyzed waters, with contents
ranging between 1.23 and 33.67 mg/L. This is the most sta-
ble form of orthophosphate at pH values between 2.2 and
7.2 [26]. The richest water samples in H,PO4" are those col-
lected from SK17 and SK18 piezometers, which are located
close to the phosphogypsum dump of the Skhira industrial
zone (Figure 4(a)). The low contents are recorded at the
upstream side of the aquifer. The spatial variation of these
levels is related to the infiltration of phosphogypsum leach-
ing waters and to diffusion according to the flow direction of
the aquifer.

Nitrogen is present in natural waters as a particulate
dissolved organic form and as a dissolved inorganic form
[27]. Dissolved inorganic nitrogen (DIN) analyses targeted
nitrates (NO;"), nitrites (NO,"), and ammoniacal nitrogen
(NH,"). In the Skhira aquifer, the DIN contents range
between 579 and 130.7mg/L for NO;, from 0.01 to
0.08 mg/L for NO,’, and from 0.01 to 0.14 mg/L for NH,".
The highest NO,;™ contents are measured in piezometers
located in the central and northwestern parts of the aquifer
(Figure 4(b)). These zones correspond to irrigated perimeters
overinseminated by nitrogen fertilizers. The most charged
waters in NO,” and NH," are those collected from wells
drilled in the industrial zone. We note a positive correlation
between NO;™ and O, (Figure 6(a)) combined to a negative
correlation between NO,  and O, (Figure 6(b)) and also
between NH, " and O, (Figure 6(c)). This implies that oxygen
content variation is the driving mechanism of nitrogen distri-
bution in the aquifer. In fact, the most nitrate-rich waters are
found to be the most oxygenated, which explains the stability
of NO; ions and their predominance over other forms of dis-
solved inorganic nitrogen. The spatial distribution of nitrate
levels would be monitored by physical-chemical parameters
and environmental factors related to soils that control
NH," nitrification of chemical fertilizers and/or soil organic
matter degradation [28]. However, this distribution is also
guided by the unsaturated zone thickness and lithology
which ensures nitrate transfer to the saturated zone [29, 30].

The negative correlation between nitrogen (DIN) and
orthophosphates (Figure 6(d)) suggests that these two ele-
ments do not share the same origin. The nitrogen origin of
the Skhira aquifer waters would be mainly related to agricul-
tural activity and the infiltration of organic matter-rich
water, as is the case of the water sample collected from
SK18 wells.

Figure 7 presents the major element contents with the
following predominance order:

(i) Na* > Ca®" > Mg** > K", for cation
(ii) CI' > SO,* > HCOj’, for anion

The CI' contents range between 18.44 and 100.19 meq/L
and is the dominant anion for the Skhira aquifer. The Na+
contents range from 17.82 to 165 meq/L and is the dominant
cation. The Ca** contents vary from 12.48 to 34 meq/L, Mg>"
contents are between 8.4 and 44.08 meq/L, and SO, con-
tents are between 15.62 and 142.66 meq/L, while HCO;
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FIGURE 3: Spatial distribution maps of pH (a) and electrical conductivity (b) in groundwaters of the Skhira aquifer. See mean error (ME) and

root mean square error (RMSE) in Table 1.
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contents are between 1.65 and 27.7 meq/L. These elements
form the bulk of the mineralization of the Skhira aquifer.
As has already been shown through EC measurements,
waters with the highest dissolved salts are those collected

from wells located in the coastal zone and also north-east of
the aquifer, in the industrial zone.

The high sulphate contents recorded downstream
(Figure 5(a)), north-east of the aquifer, and near the
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phosphogypsum dump could have an atmospheric origin in
relation to the emission of sulfur gases, SO,, and H,S [31].

In our study, we tested the saturation state with respect to
calcite and gypsum. The considered dissolution reactions and
the solubility product constant values (T =25°C and P=1
atm) are as follows [32]:

Calcite : CaCO; + H" & Ca*™* + HCO,~
Gypsum : CaSO,.2H,0 < Ca** + S0,*” +2H,0 log K=-4,61.

(1)

logK=1,71.

The water saturation indices of the study area with
respect to calcite vary from -0.38 to 0.14 (Table 3). Their
variations according to pH show that slightly acidic waters
are supersaturated with respect to CaCO, (Figure 8(a)),
which confirms the influence of pH on the solubility of this
mineral [32].

The saturation indices for gypsum vary from -0.6 to 0.17
(Table 3). Water saturation in regard to gypsum near the
industrial zone (SK17, SK18, and SK20; Figure 8(b)) is
mainly related to phosphogypsum acid leachate percolation,
which favors the solubility of the mineral during infiltration
through the unsaturated zone sediments. These results show
that the dissolution of gypsum and calcite in the north-east
part of the aquifer, normally accelerated in most acidic
waters, has led to the increase in calcium and sulphate
concentrations in these waters, exceeding the solubility

thresholds of the two minerals [32]. In the rest of the aquifer
and under natural recharge conditions, gypsum and calcite
undersaturation states may reflect that the dissolution of
these two minerals locally controls the total water saline load.
The main source of fluoride in groundwater is the dissolu-
tion of fluoride-rich minerals, particularly apatite and fluo-
rine [33]. The groundwater fluoride contents are governed
by various factors like temperature, pH, salinity, the amount
of fluoride in the host rock, the presence or absence of com-
plexes or colloids, and the solubility of fluorinated minerals
[34]. In addition, the F~ anion is not included in adsorption
processes or ionic exchanges (as these two mechanisms are
only relevant for cations). This leaves only the precipitation-
dissolution mechanism as the controlling factor for F~ con-
tents. In the Skhira aquifer, the fluorine contents vary
between 0.03 and 10.3 mg/L. The highest contents are mea-
sured in water samples collected from piezometers located
around the phosphogypsum dump, in particular that of
Sk18 (Figure 5(b)) where gypsatic waters are held and are
heavily charged in F- with concentrations reaching even
3500 mg/L [21]. Saturation states of fluorite (CaF,) levels
were tested, taking into account the following dissolution
equation (T =25°C and P =1atm) [33]:
Fluorite : CaF, & Ca*" +2F log K=-10,96.  (2)
The saturation indices for fluorite vary from -3.46 to 1.2
(Table 3). Based on water saturation index calculations, it is
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TaBLE 5: Summary of the PCA results including the loadings of the eigenvalues.
F1 F2 F3 F4 F5 Fo F7
Eigenvalues 10.89 1.85 1.07 0.69 0.53 0.38 0.26
Variance explained (%) 68.07 11.54 6.71 4.29 3.32 2.39 1.62
Cumulative variance (%) 68.07 79.62 86.33 90.62 93.94 96.33 97.97
20
T(°C)
15
10
5
=
3
- 0 1
&
2%}
5 ©,
-10
-15 1
NH,
-20
-15 -10 -5 0 5 10 15

F1 (68.07 %)

FIGURE 9: Spatial distribution of the variables and individuals in the axis system F.

found that samples selected from the industrial zone are the
only waters saturated to oversaturated with respect to fluo-
rine. Away from the phosphogypsum storage zone, water
samples are found undersaturated with respect to fluorine,
in response to mixing with infiltration meteoric waters, and
the greater distance from fluorine supply by the phosphogyp-
sum dump. We note that waters saturated with respect to
fluorine are also found saturated with respect to calcite and
gypsum indicating a spatial dependency related to the phos-
phogypsum storage zone. Away from this zone, waters
become undersaturated in fluorine, calcite, and gypsum. Fur-
thermore, the most acid waters are found saturated with
respect to fluorine [35] (Figure 8(c)).

The aluminum contents range between 0.05 and
0.18 mg/L. The highest aluminum concentrations are
recorded in the water sample collected from the SK18 pie-
zometer, described above as having the lowest pH value
and therefore favorable to the solubility of the element [35].
The iron contents in the analyzed waters range between
0.02 and 0.78 mg/L. The highest concentrations are also

recorded at the SK18 piezometer, where the salinity is peak-
ing and the pH is the lowest. Zinc speciation in water
depends on many factors such as pH, the amount of dis-
solved material, and redox potential. A low pH is necessary
to maintain the zinc in solution [36]. Zinc concentrations
in analyzed water samples vary between 0.04 and
0.51 mg/L. The highest value characterizes the water sampled
near the gypsum collection basins, where zinc contents reach
up to 4mg/L [21]. All analyzed Skhira phreatic aquifer water
samples show copper concentrations below detection limit
which is around 0.01 mg/L. The absence of trace elements
or their presence at very low concentrations in the analyzed
groundwater samples compared to those detected in the gyp-
satic waters can be explained by the sequestering function of
soils overlying the unsaturated zone [37].

4.2. Statistical Study. Table 4 includes all correlation coeffi-
cients between all studied variables. A very good positive cor-
relation is noted between electrical conductivity and major
elements. These elements constitute the main mineralization
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TaBLE 6: Water quality of the Skhira aquifer with respect to WHO standards [44] and Tunisian standards [45].

Number of samples

o .
exceeding the % of samples exceeding

Parameters WHO (2011) NT.09.14 (2012) the recommended value
recommended value
WHO NT.09.14 WHO NT.09.14

T°C — 25 — 0 — 0
pH 6.5t0 8.5 6.5 to 8.5 1 1 5 5
EC (uS/cm) 1500 1500 20 20 100 100
Na (mg/L) 200 — 20 — 100 -
Cl (mg/L) 250 600 20 20 100 100
K (mg/L) 30 — 2 — 10 —
Ca (mg/L) 200 300 20 20 100 100
Mg (mg/L) 150 150 20 20 100 100
HCO, (mg/L) 380 — 1 - 5 -
SO, (mg/L) 250 600 20 20 100 100
NO, (mg/L) 45 45 13 13 65 65
NO, (mg/L) 3 3 0 0 0

F (mg/L) 1.5 1.7 30 30
Al (mg/L) 0.2 0.2 0
Zn (mg/L) 3 3 0 0 0

of the Skhira aquifer. In addition, the predominance of
dissolved inorganic nitrogen depends heavily on dissolved
oxygen contents. For that, NO, is found in oxygenated
waters whereas NH,"” and NO, are associated with
oxygen-poor waters. We note also that calcium bears a geo-
chemical behavior similar to sulphates and fluorine which
indicates that the element is associated with SO, and F'.
The negative correlations between metallic trace elements
and pH show that increasing the water’s pH induces lowers
trace metallic contents and their rather association to the
particular phase.

Taking into consideration all the gathered geochemical
results of the Skhira phreatic aquifer, a statistical analysis
through principal component analysis (PCA) was carried
out. The results show that the explanation percentages are
distributed unequally according to several axes (Table 5).
The first two axes represent 79.6% of the total variance with
68.1% for the F1 axis and 11.5% for the F2 axis. The main
plane is generated by axes F1 and F2 because they contain
the maximum of information. We note that conductivity
and Na*, CI', SO,”, and Ca®* concentrations and, to a lesser
extent, Mg®" and HCO,™ contents do present a fairly good
correlation (Figure 9). They are well distributed on either
side of axis F1, forming a single group. These variables form
the bulk of the Skhira phreatic aquifer mineralization. The
F2 axis can be assimilated to pH, dissolved O,, and nitrates,
a result which is consistent with the stability conditions of
nitrate (Eh and pH). In the F1-F2 axes, the data projection
helps distinguish three clusterings: the first group (I) is com-
posed of the least dissolved salt-rich waters and corresponds
to the upstream side of the study area; the second group (II)
is composed by the most mineralized waters within the
downstream area of the study zone, probably influenced by
marine intrusion; and the third group (III) is composed of

TaBLE 7: Groundwater classification according to electrical
conductivity [38].

Type of water ~ EC (uS/cm) Number of samples % of samples

Vf:tr;'rsah“e <700 0 0
Slightly saline 700-3000 2 10
Medium saline ~ 3000-6000 12 60
Highly saline >6000 5 25
Very saline >14000

Brine >42000 0

TaBLE 8: Irrigation quality of groundwater based on sodium
percentage % Na [39].

%Na Class Number of samples % of samples
0-20 Excellent 0 0
20-40 Good 0 0
40-60 Permissible 16 80
60-80 Doubtful 4 20
>80 Unsuitable 0 0

waters overcharged with very high contents in major ele-
ments and fluorine and cauterizing the north-east area of
the study zone.

4.3. Quality Assessment of Skhira Aquifer Waters for
Potability and Irrigation. The evaluation of the potential
uses of the Skhira aquifer waters for human consumption
was based on the comparison of the obtained chemical
results with the Tunisian (NT.09.14) Norms and the
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FiGurg 10: Wilcox diagram for the Skhira phreatic aquifer [43].

International Standards of Potability Norms set by the
World Health Organization (WHO). This assessment
reveals that most analyzed water samples do not meet both
standard norms and can be considered not suitable for
drinking especially at the downstream side of the aquifer
(Table 6). These waters cannot be used for human con-
sumption without special treatment.

The main parameters used to assess water quality
intended for irrigation are electrical conductivity, sodium
content expressed in percent, and residual alkalinity [38].
The saline load of irrigation water, assessed through conduc-
tivity, conditions the osmotic pressure which, when too high,
renders water absorption by the plants difficult [38]. As
shown in (Table 7), around 60% of water samples have a
medium salinity.

The mobility of sodic clays is usually increased when
sodium concentrations are increased rendering soils harder
and more coherent. This leads to soil permeability decrease
and therefore a decrease in water mobility, hence becoming

less available to plants’ roots. The effect of sodium, carried
by irrigation waters on soils, is estimated via the percentage
of sodium.

%Na can be calculated using the following formula [39]:

%Na = 100 * (Na + K)/(Ca + Mg + Na + K), (3)

where contents are expressed in meq/L.

%Na in the Skhira aquifer ranges between 45 and 68%
(Table 8). Most groundwater samples with 40 to 60% Na
are permissible for irrigation purposes. However, the SK
15, SK16, SK17, and SK18 piezometers, located in the indus-
trial area, are doubtful for irrigation. Wilcox used the per-
centage of Na content (%) as a function of the electrical
conductivity (EC) to evaluate the suitability of water for irri-
gation. The projection of the different analyzed samples on
the diagram allows the distinction of two water groups
(Figure 10):
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(1) Group I: low-quality waters, which are moderately
mineralized. They occur in the center and west parts
of the aquifer

(2) Group II: it includes highly mineralized waters with
an extremely high risk of salinization and the highest
percentage of sodium content. This group character-
izes waters sampled from piezometers located in the
downstream part of the aquifer

Alkalinity measures the ability of water to neutralize
acids. The neutralizing power of water is mainly related to
the presence of HCO, and CO5> ions. As a result, alkalinity
can be expressed as follows [40]:

Alc(meq/L) =2(CO,*") + (HCO;”) — (H") + (OH")
=2(Ca’) +2(Mg*") + (K*) + (Na") (4)
-2(80,”") - (CI)

After the precipitation of alkaline-earth carbonates, the
residual sodium carbonate (RSC) has the following expres-
sion [40]:

Alcgge(meq/L) =2(CO,*7) + (HCO,; ™) —2(Ca®") - 2(Mg™)
(5)

If the residual alkalinity is positive, a risk of alkalization
may affect irrigated soils. If it is negative, after the precipita-
tion of alkaline-earth carbonates, the soil water would follow
a neutral saline pathway [41]. The residual alkalinity of the
Skhira aquifer waters is negative (Table 9), removing the risk
of soil degradation by alkalinization in case these waters
would be used for irrigation.

5. Conclusion

Water quality monitoring shows that the influence of indus-
trial activities, especially phosphate treatment, concerns
mainly the downstream part north-east of the aquifer where
the water is acidic and highly charged in SO,*, H,PO,’, and
F. The waters sampled in the upstream portion are only
influenced by the natural conditions of supply and the
water-sediment interaction of the unsaturated zone.

The spatial distribution of nitrates would be controlled,
in addition to the excessive use of nitrogen fertilizers, by
physical and chemical factors.

Comparison of the analyzed water’s chemical results with
national and international standards indicates that the
majority of these waters do not meet the potability criteria.
However, and for irrigation purposes, the majority of ana-
lyzed samples present a medium sodicity and alkalinization.
Their use for irrigation requires a good drainage and a rea-
sonable organic matter addition.

Based on the outcome of this study, we recommend that
urgent remedial solutions have to be given to the area close to
the phosphogypsum dump which seems to be the major
cause of the current aquifer water degradation. An imperme-
able barrier has to be foreseen to stop highly charged water

17

TaBLE 9: Alkalinity and residual sodium carbonate (RSC) of selected
groundwater samples.

Samples Alkalinity (meq/L) RSC (megq/L)
SK1 19.64 -47.94
SK2 18.88 -47.36
SK3 23.31 -56.58
SK4 27.77 -67.33
SK5 22.35 -61.15
SK6 8.42 -44.72
SK7 28.05 -68.53
SK8 26.51 -72.34
SK9 15.78 -64.56
SK10 18.57 -76.38
SK11 15.25 -77.64
SK12 15.13 -77.96
SK13 10.84 -81.69
SK14 5.19 -68.97
SK15 18.78 -81.80
SK16 17.41 -69.64
SK17 8.33 -93.88
SK18 63.35 -127.96
SK19 34.27 -120.86
SK20 10.16 -122.87

infiltration from this site to the aquifer. Furthermore, the
use of the Skhira groundwater for drinking has to be pre-
ceded by proper treatment. The same water can be used for
irrigation with a special care given to minimize the alkaniza-
tion and sodicity.

Data Availability

We have to emphasize that all data (physical and chemical
parameters, major cations and anions, nutrient elements,
fluorine, and some trace metal elements) used to support
the findings of this study are included within the article
and will be accessible to readers.
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The Mt. Vulture volcanic aquifer is an important reservoir of effervescent mineral water in southern Italy. This area is included in
the Vulture Regional Park and is located on a popular tourist route for its high scenic and ecological value. Unfortunately, signs of
anthropogenic impact have recently increased. Among minor elements, boron and its isotopes are considered useful environmental
tracers since different anthropogenic and natural sources can be distinguished. In this study, B content and (8''B) isotope
composition were determined in the Mt. Vulture groundwaters. The groundwater chemistry is strongly influenced by input of
CO,-rich volcanic gases, and two different hydrofacies are observed. The first water type (BAW) has bicarbonate alkaline and
alkaline-earth composition and relatively low salinity, whereas the second one (HSW) has bicarbonate-sulphate alkaline
composition and higher salinity. The HSW are enriched in boron and have low 8''B values (from -9.6%o to —4.3%o) similar to
those measured in the local magmas suggesting that B contents in these waters are influenced by prolonged interaction between
local meteoric water and volcanic rocks. As to BAW, a wide variability in B concentrations (from 14 ug/l to 769 ug/l) and B
isotope composition (from -16.1%o to +23%o) has been observed. A possible anthropogenic input is thought to be responsible
for such variability. The water samples with high B concentrations and negative 3''B values (—12.2%o to —16.1%o) are probably
influenced by agricultural activities; for water samples characterized by positive §''B values (from +5.8%o to +7.9%o) and low B
contents, a slight contamination by sewage effluents cannot be excluded. These conclusions are also supported by B/Cl molar
ratios (7.8E — 3 to 1.6E — 2) different from those of the HSW group (1.1E — 2 to 7.0E — 2). This study highlights that also in the
Mt. Vulture volcanic area B isotopes coupled to the B/CI ratio can be a useful tool for the assessment of natural and
anthropogenic contaminant sources.

1. Introduction

The Mt. Vulture basin is one of the most significant aquifer
systems of southern Italy. Its groundwater is an important
and valuable resource for potable and mineral water supply
and agricultural and industrial uses. In the last years, to
satisfy the intensifying water demand, groundwater extrac-
tion has been gradually increased. However, signs of anthro-
pogenic impact, especially nitrogen contamination, have
recently become evident [1]. Assessing the processes control-
ling groundwater quality is essential for an effective water
resource management and protection, especially in the

Mt. Vulture area which has an important role for both the
local economy and water supply of the whole Basilicata
Region. Usually, an isotopic approach can provide informa-
tion on the type of pollution and on its possible origin.
Among minor elements, boron and its isotopes are consid-
ered useful environmental tracers for this purpose. Boron is
geochemically very mobile and soluble, and in the aqueous
environment, it may be as both borate ion (B(OH),") and
boric acid (H;BO;). Typically, low-saline groundwaters and
rivers have low B concentrations (<100 pg/1), whereas saline
groundwaters may show high concentrations up to several
tens of ug/l [2]. The World Health Organization (WHO)
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recommends an upper limit of 500 yg/1 in drinking water [3].
The drinking water standard of the European Community
[4, 5] and Italian legislation [6] is two times this recom-
mended value. The B dissolved in groundwaters is generally
derived by natural sources, related to hydrothermal water
sources, weathering of igneous rocks, and leaching from
sedimentary deposits of marine and nonmarine origin and
seawater intrusion [7, 8]. However, anthropogenic boron
input due to manufacturing of glass, ceramics, leather,
fertilizers, cosmetics, detergents, etc., as well as municipal
wastewater and sewage effluent producing a significant envi-
ronmental impact, have been demonstrated in surface water
and groundwater [8-10]. At lower temperatures, boron can
be removed from solution by absorption onto clay minerals
and incorporation into secondary minerals [8, 9]. Boron
has two natural stable isotopes, 118 and !°B, with abundances
of 19.8% and 80.2%, respectively. The boron isotope geo-
chemistry has been used in defining magmatic and hydro-
thermal processes [11, 12], low-temperature geochemical
processes [13], paleo-ocean pH reconstruction [14, 15], and
global biogeochemical cycles [16]. In addition, several studies
have demonstrated the ability of boron isotopes to detect
distinct anthropogenic boron sources in surface water and
groundwater systems [17-20]. However, it is not always
possible to distinguish agricultural signatures from urban
effluents and natural sources only by means of B isotopes
because values may overlap. Consequently, other chemical
elements or elemental ratios have to be considered along with
the B isotope to assess the contaminant sources carefully
[20-22]. The B/Cl molar ratio is thought to be a geochemical
tracer significantly useful for this purpose. For example, B/Cl
values tend to be rather homogeneous for fluids derived from
a common reservoir [20, 22], denoting it as a useful tool to
discriminate B’s origin. With this in mind, the paper focuses
on the occurrence and distribution of boron and of its
isotopes in the Mt. Vulture groundwaters in order to evaluate
B’s origin and to distinguish between natural and anthro-
pogenic contaminant sources.

2. Study Area

Mt. Vulture is a Pleistocene stratovolcano composed mainly
of pyroclastic deposits and lava flows ranging in composition
from foidite, basanites, to phonolites with several interme-
diate rock types [23, 24]. These products have a strongly
silica-undersaturated character with alkaline potassic to
ultrapotassic affinities [25]. This volcano is located at the
eastern border of the Apennine compressive front, at the
western margin of the Apulia foreland (Figure 1). Volcanic
activity started at 742+12ka and continued, interrupted
by long-lasting quiescence periods, up to 142+ 11ka [26].
In the peripheral sectors of Mt. Vulture, fluviolacustrine
deposits of Pliocene and lower Pleistocene age are outcrop-
ping (Fiumara di Atella Super-synthem, [27]). The volcanic
products lie over Pleistocene gravel and clay, in subhorizon-
tal layers that cover the intensely deformed flysch sediments
of Miocene age. The oldest pre-Miocene bedrock units
consist principally of deep-sea sediments belonging to units
ranging from early Triassic to lower-middle Miocene [28].

Geofluids

The Mount Vulture aquifer, mainly hosted by volcanic
rocks, consists of interconnected multilayered aquifer sys-
tems, locally confined [29]. The groundwater flow pathways
are conditioned by structural hydraulic parameters, anisot-
ropy features of the aquifer, and the existing fracture network
[29, 30]. The tectonic discontinuities act as deep preferential
groundwater flow and promote the mineralization processes
of groundwater occurring within two independent hydrogeo-
logical basins, the Monticchio-Atella basin (southern area)
and the Melfi-Barile basin (north-eastern area) [31].

The volcano hosts numerous springs and wells emerging
at different elevations, especially in the south-eastern and
western sectors (Figure 1). The western area of Mt. Vulture
is mainly characterized by forests, pastures, and uncultivated
fields. Beech forests are widespread at higher altitudes while
oak and chestnut trees are found at lower altitudes. Some
industrial plants for mineral water extraction are present
in a limited area near the Monticchio Bagni site. In the
south-eastern area, there are two small villages as well as
industrial plants and the agricultural activities are princi-
pally related to farming [1].

3. Sampling and Analysis

Waters from 34 springs and operating wells, owned by both
companies and private individuals and used for irrigation
and drinking water supply, were collected during a single
field trip between January and March 2009. The wells have
depths between 30 and 250 meters and were drilled into
volcanic products (pyroclastic and effusive rocks). The
sampling sites were selected based on a previous hydro-
geological, hydrogeochemical study [31, 33] and tectonic
setting of the investigated area. Waters are mainly located
in the Monticchio-Atella basin, fourteen sampling sites in
the western sector (Monticchio Bagni area), nineteen in the
south-eastern area (near the Atella and Rionero in Vulture
village), and only one sample in the north-eastern area of
the Melfi-Barile basin. In addition, a single sample of
meteoric water, collected at the Monticchio Bagni area in
a rain gauge for one month of observation (March 2009),
was analyzed.

B concentrations were measured by inductively coupled
plasma-mass spectrometry (Element Finnigan) at the Activa-
tion Laboratory of Actlabs (Ontario, Canada). The determi-
nation of B was performed using the external standard
calibration method, employing NIST and SLRS standard
reference materials for calibration. The precision of the
analytical results, estimated by running triplicate analyses
every 10 samples, was 2-5%. The accuracy of the results
(+5%) was obtained by analyzing certified reference materials
from the Merck Calibration Laboratory. Samples for B
isotopic composition were filtered in the field using
0.45mm filters. Boron isotopic composition was deter-
mined by negative-ion thermal-ionization mass spectrometry
(N-TIMS), direct loading procedure at the Isotope Science
Laboratory of University of Calgary (ISL-UC), following the
methods described by Gaillardet [34]. The external reproduc-
ibility of 168 (20,,,, corresponding to 2s/n’>, where n=3
replicate analyses) for the B isotope measurements was
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FIGURE 1: Geological sketch map of the Mt. Vulture area (modified from Giannandrea et al. [32]). The localization of sampling sites
(grey circles), rain gauge (star), and code of the water samples are shown.

determined by replicate analyses of the NIST-SRM 951 stan-
dard. The B isotopic composition was measured with an
average analytical precision (20) of +16%o. The boron isoto-
pic compositions are expressed as per mil differences relative
to mean ''B/'°B ratios of 4.00125 determined for the
NIST-SRM 951 boric acid standard.

4. Results and Discussion

4.1. Groundwater Chemistry. According to previous papers
[1, 33, 35], in the Mt. Vulture area two different types
of groundwater are distinguished on the basis of
physical-chemical parameters and concentrations of dis-
solved chemical components. Most of the investigated waters
have a bicarbonate alkaline-earth and alkaline composition
(Figure 2). These waters show temperatures ranging from
8.8°C to 19.9°C and electrical conductivity (EC) from 140 to
1940 uS/cm. Bicarbonate is generally the main anion in
solution with concentrations ranging between 66 and
1763 mg/l with an average value of about 508 mg/l [33, 35].

During basalt weathering, CO, is converted into bicarbonate,
showing a positive correlation with the concentration of
major and minor elements. The composition of bicarbonate
alkaline-earth and alkaline waters (hereafter BAW) is princi-
pally due to low-temperature leaching of the host volcanic
rocks [35]. The other investigated waters are bicarbonate-
sulphate-alkaline (hereafter HSW) in composition and show
high salinity [31, 33, 35] and 1183 to 16,400 ys/cm EC values
that are higher than in the previous group. The temperature
values range from 15.1 to 17.4°C. Such high-salinity springs
are enriched in sodium and sulphate with respect to average
groundwater composition and have the highest concentra-
tion of dissolved CO, that are likely due to the ongoing
active, magmatic-mantle outgassing [36-38]. The HSW
group is related to prolonged water circulation in alkali and
feldspathoid-rich pyroclastic layers interbedded with clay
deposits [33]. Previous studies [1] revealed an inhomoge-
neous distribution of NO, concentrations in the Mt. Vulture
area. In the western portion, N input has been associated with
an organic soil component only. In the south-eastern part, a
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FIGURE 2: Piper diagram. Circles are for bicarbonate alkaline-earth and alkaline water (BAW) while squares represent the
bicarbonate-sulphate-alkaline waters (high-salinity water, HSW). Data are from Parisi et al. [31, 33].

possible anthropogenic contamination (mainly derived from
use of inorganic fertilizer) has been documented. Relative to
groundwater origin, stable isotopic data of §'®0O and 6D
highlight that these groundwaters are meteoric in origin
and they are not significantly affected by seasonal variations
[39]. According to the local vertical isotopic gradient
(0.17%o for §'*0/100m) defined by Paternoster et al. [39],
the meteoric recharge altitude of Mt. Vulture groundwaters
is between 800 and 1200 meters above sea level.

4.2. B Concentrations and Isotopes. Boron contents and §''B
isotopic values of the studied waters show a wide variability
(Table 1). Boron concentrations range from 14 to 5130 ug/l,
with an average value of 556 ug/1 (Figure 3(a)). BAW samples
of the western area range from 14 to 652 ug/l, with the
only V30 sample having B contents higher than those in
the WHO guideline (500 ug/l). BAW samples from the
south-eastern area have B concentrations between 45 and
769 ug/l. V01 and V20 samples record B concentrations
higher than those in the WHO guideline. The highest B
concentrations (from 746 to 5130 ug/l) were observed in
the HSW samples. Among these, V6, V14, and V17 samples
have B contents higher than the maximum admissible con-
centration (1000 pg/l) by drinking water Directive 98/83/EC
[5] and the Italian legislation [6]. Generally, the Mt. Vulture
groundwaters have higher B concentrations compared with
those in other volcanic systems in Italy [40, 41]. The §''B
values range from —16.1%o to +23%o (Figure 3(b)). BAW
samples from the western area have 8''B values from
—-6.6%0 to -1.6%o. Among these, only two samples (V31

and V32) show both a significant enrichment in heavier
boron isotopes (+17.8%o and +23%o, respectively) and the
lowest B concentrations (18 ug/l and 14 ug/l, respectively),
similar to the local meteoric water (RW, Table 1) analyzed
in this study (8"'B =+26%o and B =12 ug/l). In the south-
eastern area, based on B contents and 8''B values, two
BAW subsets can be identified: (a) groundwaters having B
contents lower than 70 ug/l and positive §''B values (from
+5.8%0 to +7.9%o), (b) groundwaters with B concentrations
higher than 70 pg/l and negative 6"'B values (from —16.1%o
to —1.9%o) (Figures 3(a) and 3(b)). Finally, HSW have the
highest B contents (from 746 to 5130 ug/l) and low &§''B
values (from —9.6%o to —4.3%o).

4.3. Origin of Boron. In nature, different B reservoirs
exist (mantle-derived volcanic rocks: —10%o < 8''B < 0%,
marine carbonates: +10%o < 8''B<+30%o, altered oceanic
crustal rocks: 0%o < 8''B<+25%o, old continental rocks
and siliciclastic sediments: —15%o < 8'' B<+5%o, seawater:
8"'B~ +40%o) with wide ranges of B isotope composition
that sometimes overlap each other [41]. According to
D’Orazio et al. [42], the Mt. Vulture volcanic rocks display
negative 8''B values (ranging between —9.6%o and —5.6%o)
that are strongly consistent with values of the HSW group
(—=9.6%0 and —4.3%o0) suggesting that the water-volcanic
rock interaction is the main process controlling the chem-
ical composition of the HSW samples. The aforemen-
tioned silica-undersaturated volcanic products are thought
to represent the main source of B also in the BAW group
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TaBLE 1: B concentration and isotopic composition of the Mt. Vulture groundwaters.

Sample no. Long. (north) Lat. (east) Elevat. Type CH T* (°C) EC* (uS/cm) pH* 8B (%) B (ug/L) B/Cl!
V1 4531210 555380 545 W BAW 13 350 6.6 -5.1 504 4.8E-02
V2 4528490 554302 544 W BAW 15.2 237 6.8 -2.7 261 6.6E — 02
V3 4528250 554060 600 w BAW 17.2 233 7.5 +7.9 59 1.4E - 02
V4 4528240 555360 545 W BAW 15 304 6.1 +5.8 67 1.6E - 02
V5 4535826 556800 686 w BAW 13.3 202 5.8 +7.6 54 1.0E - 02
A% 4536694 557091 365 S HSW 17 2910 6.5 -4.3 2210 3.4E-02
v7 4526900 556320 490 W BAW 15.3 607 6.1 -13.1 275 9.0E - 03
V8 4526817 556303 490 W BAW 14.1 478 6.9 -12.7 233 1.2E-02
V9 4526707 556342 490 W BAW 13.8 430 6.9 -2.2 175 3.1E-02
V10 4526605 556340 483 W BAW 16 291 7.0 +6.7 60 1.0E - 02
Vi1 4531235 555467 555 W BAW 13.1 234 6.2 +6.3 57 1.2E-02
Vi2 4534820 557160 519 W BAW 15.7 265 6.5 +7.6 45 7.8E-03
V13 4525820 555300 474 N BAW 15.7 763 59 -4.5 451 3.9E-02
V14 4525900 555260 461 S HSW 15.1 16,4 6.9 -5.8 3470 1.1E-02
V15 4526955 556359 487 w BAW 14.7 896 59 -9 463 6.3E-02
Vie 4531940 548200 575 S HSW 15.2 1183 59 -6.9 746 6.7E - 02
V17 4526867 551828 449 S HSW 17 4350 6.5 -9.4 5130 7.0E-02
V18 4527726 556960 550 W BAW 15 370 59 -1.9 118 1.2E-02
V19 4527739 556970 552 W BAW 16.1 362 6.3 -12.2 213 1.4E - 02
V20 4537726 548012 554 W BAW 18.5 1717 6.3 -16.1 769 1.3E-02
V21 4526870 556607 493 W BAW 16.1 435 6.1 -7.1 144 2.3E-02
V22 4532983 547976 547 S HSW 17.4 2149 6.2 -9.6 923 5.8E-02
V23 4533314 549828 566 W BAW 16.8 750 59 -1.6 264 2.7E-02
V24 4533306 550031 565 W BAW 18.1 1480 6.0 -5.2 470 3.9E-02
V25 4533379 549532 657 W BAW 14 351 6.1 -39 91 1.3E-02
V26 4532938 551154 690 W BAW 19.5 1147 6.0 -6.1 146 1.2E-02
V27 4530603 547666 682 W BAW 18.9 698 59 -5.4 246 2.4E - 02
V28 4532832 549658 650 W BAW 19.9 1346 6.1 -6.6 498 3.4E-02
V29 4533100 549100 644 W BAW 19.5 918 59 -4.9 355 2.7E-02
V30 4533672 549815 555 W BAW 19.6 1940 6.2 -6.6 652 3.9E-02
V31 4532900 551950 885 S BAW 9.6 206 7.6 +17.8 18 2.6E-03
V32 4533066 552194 960 S BAW 8.8 140 7.0 +23 14 2.5E-03
V33 4532966 551315 780 W BAW 15.8 369 59 -4.6 84 9.5E-03
V34 4532930 550040 735 w BAW 16.5 448 5.7 -4.9 102 1.3E-02
R35 rainwater +26 12

Notes: Elevat.: elevation in meters above sea level; S: spring; W: well; CH: chemical hydrofacies; BAW: bicarbonate alkaline-earth and alkaline water;
HSW: bicarbonate-sulphate-alkaline water; EC: electric conductivity measured at 25°C; n.m.: not measured. The location of the sampling point is provided
in UTM Zone 33 coordinates using the European Datum of 1950. *Data from Parisi et al. [31, 33], !Cl data from Parisi et al. [31, 33].

although the B isotope composition of some BAW samples
is different. However, based on hydrogeological issue, the
Mt. Vulture volcanic products clearly host all the analyzed
groundwaters suggesting a negligible contribution from
the other rocks (such as flysch sediments and basement
rocks) occurring in the studied area. In order to assess
the B origin in the BAW group, a mixing model between

the local meteoric water and volcanic-hosted end-member
(HSW) has been taken into account. The mixing model
can be quantitatively estimated by means of the following
equations:

Bmiszcxf"'BdX(1 _f)’ (1)
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B B
"B, = (61ch x —< xf+0"B;x — x (1 —f)),
B, B,

(2)

where B, ., B,,and B, as well as 8"'B_, , 8"' B, and §'' B are
the B concentrations and isotopic values of mixing water,
local meteoric water, and HSW group, respectively. f is the
mixing ratio. For calculations, the composition of the local
meteoric water sample (RW, 8''B = +26%o, B = 12 ug/l) and
the highest and lowest 8''B values of the HSW group were
used. In Figure 4, the ML1 and ML2 mixing curves are shown
along with investigated water samples. BAW samples of the
western area are concentrated in a narrow range within the
two mixing curves, suggesting B is mainly sourced from host

mix

volcanic rocks. V31 and V32 samples, enriched in heavier B
isotopes, fall close to the local meteoric water end-member.
Regarding the BAW samples from the south-eastern area,
because of their compositional variability, groundwaters fall
in different fields suggesting more B sources. Some water
samples, similar to the western area BAW samples, lie
between the two mixing curves denoting a natural B source
due to water-volcanic rock interaction. The V7, V8, V19,
and V20 samples, depleted in heavy B isotopes (from
—16.1%0 to —12.2%0) and with B concentrations between
213 and 769 ug/l, are far from both ML1 and ML2 mixing
curves falling near the MLA mixing curve between local
meteoric water and water-soluble anthropogenic boron
end-member consisting of synthetic Ca-borate fertilizers
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The MLA curve represents the hypothetical mixing behavior between local meteoric water and water-soluble anthropogenic boron
compounds (synthetic Ca-borate fertilizers, average 8B value of -13.5%o and B =30 mg/l, [21]). The MSA mixing curve is drawn with
following data (RW, and sewage effluents with average 8''B value of +2.6%0 and B = 1000 ug/l; from Barth [43], Xue et al. [44], and
Vengosh et al. [9]). Ranges of 8''B of sewage effluents (=7.7%o to +12.9%o; [9, 43, 44]), sodium perborates (-4.8%o to +3.1%o; [2]),
detergents (—2.9%o to +3.1%o; [2]), synthetic Ca-borate fertilizers (-15%o to —12.1%o; [21]), and manure (+6.9%o to +42.1%o, [17, 44]) are

shown for comparison.

(Figure 4). The Ca-borate and Na-borate fertilizers are the
most used synthetic compounds in the agricultural activities
and along with sodium perborate, municipal wastewaters,
sewage effluents, and landfill leachates represent the main
anthropogenic contaminants in the groundwater and shallow
water [2, 9]. According to Mongelli et al. [1], in the study area
agricultural activities are widely practiced suggesting for
these water samples an anthropogenic B origin mainly
associated with use of synthetic Ca-borate fertilizers.

As to BAW samples with low B values (less than 70 ug/1),
a marked enrichment in ''B is evident (Figure 4). These
water samples do not fit the ML1, ML2, and MLA mixing
curves, but their path is approximated by a new mixing
curve (MLS). The MLS curve is between local meteoric
water and groundwater contaminated by sewage effluents
(=7.7%o0 < 8! B<+12.9%0, Xue et al. [44], Vengosh et al.
[9]). The B/CI ratio also supported this finding. Several
studies have revealed that B/CI ratios tend to be rather
homogeneous for fluids derived from a common reservoir
[20, 21, 45]. In groundwater contaminated by domestic
wastewater, sewage effluents, and other anthropogenic
sources (mainly from Na- or Ca-borates), the B/Cl ratios
coupled to a distinctive B isotopic signature allow us to
distinguish different contaminant sources [20, 21]. For the
studied groundwaters, the B/Cl molar ratios were calculated
based on Cl data from Parisi et al. [31, 33] and range between

7.0E —2 and 2.5E - 3 (Table 1). As shown in Figure 5 (6"'B
vs B/Cl molar), most of the investigated water samples fall
in the field of groundwater in nonmarine aquifers [21].
Two different groups of water samples deviate from the
general trend of the measured B/Cl values. In detail, the water
samples with low B isotopic values show B/CI values falling
in the range of groundwater contaminated by synthetic
Ca-borate fertilizers; the water samples with high B isotopic
values are in the field of sewage-contaminated groundwater,
although other anthropogenic contaminant sources (i.e.,
municipal wastewater) cannot be excluded because of over-
lapping between ranges of their B isotopic values (+5.3%o to
+20.5%o, [2, 46]).

5. Conclusions

B concentration and isotope composition of Mt. Vulture
groundwaters were determined to assess B’s origin and to
distinguish between natural and anthropogenic contaminant
sources. In the study area, two water types have been iden-
tified. The first type, named high-salinity water (HSW), is
characterized by the highest B contents (from 746 to
5130 pug/1), and low S8''B values (from -9.6%o to —4.3%o),
similar to those measured by D’Orazio [42] in the local
magmas (from —9.6%o to—5.6%o), suggesting that prolonged
water-volcanic rock interaction is the main B source. The
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FIGURE 5: Pattern of typical ranges of 8''B and B/Cl values of potential contamination sources, after Vengosh et al. [21]. Symbols are as

in Figure 4.

second water type, named bicarbonate alkaline-earth and
alkaline waters (BAW), records a wide variability in the B
contents and isotopic values. The 8''B values of the BAW
group suggest that boron is mainly derived from leaching of
volcanic rocks, although a contribution from local anthro-
pogenic contaminants cannot be excluded for two BAW
subsets. The water samples with high B concentrations
and the lowest 8'"'B values can be probably affected by
water-soluble anthropogenic boron compounds consisting
of synthetic Ca-borate fertilizers; other samples with high
B isotopic values show B/Cl values, different from those of
the HSW group, falling in the field of sewage-contaminated
groundwater. This manuscript highlights that the B isotopes
coupled to the B/Cl ratio in the Mt. Vulture volcanic area
allow generally to define B’s origin and evaluate natural and
anthropogenic contaminant sources.
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This paper presents the results of a groundwater quality assessment carried out in the karst coastal region of the West Aurunci
Mountains (Central Italy). 55 spring and 18 well water samples, collected from 2016 to 2018, were analysed to study the main
processes controlling the hydrogeochemical evolution and groundwater quality properties. In the study area, groundwater
samples are mostly characterized by a Ca-HCO; facies, indicating that the groundwater hydrogeochemical evolution is mainly
controlled by the carbonate mineral dissolution/precipitation. The cationic and anionic concentrations confirm that
groundwater samples belong to the order of Ca?* >Mg?* >Na* >K" and HCO,; > Cl” > SO,*", respectively. Well water
samples show, over time, an increasing mineralization with respect to the spring water samples. In more detail, the enrichment
of Ca®", Na', and CI" in well water samples is mainly due to the dissolution of calcite, dolomite, and halite minerals and
secondly to a probable ion exchange related to seawater intrusion. Seawater intrusion, probably affecting the chemical
composition of well water samples, was studied using ionic ratios, graphical approaches, and specific indices, such as the BEX
index. Results suggest that carbonate weathering, ion exchange, and seawater intrusion in this karst coastal region are the
major factors controlling groundwater geochemistry. This study shows that groundwater quality assessment, based on
hydrogeochemical investigation techniques, has been a useful tool to characterize and model carbonate aquifers in Central

Italy, with the aim of achieving proper management and protection of these important water resources.

1. Introduction

Karst aquifers cover more than 30% of the European land
mass [1], where carbonate lithologies occupy about 35% of
the territory. Groundwater resources coming from karst
aquifers give, in some countries, up to 50% to the drinking
water supply [2]. For a large part of the Mediterranean
region, karst springs play an essential role in the water
supply. During the Mediterranean long dry summer months,
karst springs provide fresh and high-quality water, which has
been an important resource for human development in this
region since antiquity [3]. Specifically, in Italy, the karst
carbonate aquifers of the Central Apennines represent the
larger groundwater resource. These aquifers are very com-
plex systems: each one has its own distinctive characteristics.
Karst aquifer peculiarities make them strategic resources
which, however, are not yet properly exploitable, because of
objective difficulties that are found in their study [4]. The

use of groundwater resources is increasing due to population
rise, economic growth, intensified agricultural development,
and the loss of surface water due to contamination [5]. In
those countries with an extensive coastline, such as Italy,
the high drinking water demand can lead to an uncontrolled
groundwater exploitation of coastal aquifers [6, 7]. Coastal
aquifers are major sources for freshwater supply in many
countries around the world, especially in arid and semiarid
zones and particularly because almost 70% of the world
population lives in coastal areas [8, 9]. The main conse-
quence of this groundwater overexploitation is seawater
intrusion and, because of it, water salinization, which has
become the most widespread form of groundwater contami-
nation both in the Mediterranean regions of Europe [10-13]
and in lots of coastal areas of the world [9, 14-18].

The quality of coastal aquifers is controlled by the varia-
tions of hydrochemical processes like seawater intrusion,
geogenic process (weathering, ion exchange, and water-rock
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TaBLE 1: The location of the spring and the well water sampling survey.

Sample codes Name Location of sampling survey Latitude Longitude Elevation (m a.s.l.)
TUL Tulliola well Formia 41715'8.21"  13735'2.23" 20
TER Terenzia well Formia 41715'8.04"  13°34'59.06" 20
MAZ Mazzoccolo Spring Formia 41°15'44.10"  13°36/50.83" 18
CAP Capodacqua di Spigno Spring Spigno Saturnia 41°17'36.46"  13°42'42.18" 35

interaction), and anthropogenic activities (agriculture, indus-
try, and urbanization). The salinization is the result of con-
comitant processes related to both seawater intrusion and
water-rock interaction, which in some cases are virtually
indistinguishable [19]. Hence, several studies usually com-
bine the hydraulic and the hydrogeochemical approach,
because understanding the hydrochemical characteristics
of coastal groundwater could provide guidance for sustain-
able groundwater management [20]. In the present work,
the karst coastal region of the West Aurunci Mountains
has been chosen as the study area for the groundwater
quality assessment.

73 groundwater samples were collected from 2016 to
2018 and analysed to evaluate the main geochemical pro-
cesses controlling the groundwater evolution in this hydro-
geological system. With the aim of identifying the potential
seawater intrusion in this coastal region, several water quality
indicators and some diagrams, which use hydrochemical
parameters, have been applied in this case study [21-30].

2. Study Area

In this study, two main karst springs of the West Aurunci
Mountains and 2 wells (Table 1), belonging to the “25 Ponti”
wellfield, which is going to be exploited for drinking pur-
poses, were examined based on the physical-chemical data
availability. The study area is located in Italy, in the Southern
Latium Region, and involves the competence territory of the
Formia, Gaeta, and Spigno Saturnia municipalities, for a total
of about 10 ha (Figure 1).

The Mazzoccolo Spring comes out inside the inhabited
area of the Formia municipality less than 1km from the
shoreline (Figure 1). The Capodacqua di Spigno Spring is
on the other hand at the base of the La Civita Mountain
slopes, about 2 km away from the city and about 4km from
the shoreline. The new “25 Ponti” wellfield, at last, is out of
the Formia city centre, about 500 m from the coast.

3. Geological and Hydrogeological Setting

The Aurunci Mountains, together with the Lepini and
Ausoni Mountains, belong to the pre-Apennines of Latium
and form the carbonate platform of the Volsci Ridge,
separated from the Apennine ridge by the Latina Valley.
The Aurunci Mountains mostly consist of massive dolomitic
limestone and dolomite layers, deposited on the carbonate
platform with a thickness of about 3000 meters [31]. The
stratigraphic succession of the carbonate platform, from
the bottom to the top, is generally characterized by a

calcareous-dolomitic series and by a carbonate series with
detrital-organogenic limestone, in which Pliocene sea
deposits overlap (Figure 2) [32]. Above these deposits,
marine lagunal subtidal limestone (Middle Liassic-Upper
Jurassic) rarely and poorly dolomitized occurs.

The presence of layers containing rubble stones and
oolitic deposits suggests the occurrence of a depositional
environment. In the same way, the lower Cretaceous deposits
suggest the onset of a carbonate platform depositional system
ranging from a tidal flat to a lagoon. The analysis of textural
parameters and vertical organisation of the lithofacies allows
the recognition a cyclic organisation, arranged in shoaling
upward sequences [33]. The Volsci Ridge is a structure in
the Apennine direction, which on the northeastern edge is
overthrust on the terrigenous deposits of the Latina Valley,
while on the south western edge, it is characterized by direct
faults that lower towards the Tyrrhenian Sea. The overthrust
presents an Apennine trend up to Esperia, where it changes
direction and follows the edge of the Western Aurunci.

Downstream of the Mazzoccolo Spring, geognostic data
indicated the presence of a direct fault, which cuts the
outcrop of the Pliocene calcarenites, with the presence
(between the coast and the spring) of clayey silts with Quater-
nary piroclastite. As for the Capodacqua di Spigno Spring, a
direct fault cuts the high part of the Spigno Saturnia area.
In the Miocene formations, in contact with the carbonates,
there are direct faults with an anti-Apennine direction, which
delineate a mild Quaternary tectonic pit, characterized by
extensive alluvial deposits. In addition, next to the spring,
there is a circular shape of alluvial deposits, with a diameter
of about 200 meters, which suggests a past phenomenon of
a sinkhole, which most likely originated from the collapse
of a large karst cavity in the buried carbonate substrate [32].

Karst depressions (superficial and subsurficial) originate
from chemical processes related to the contact between
rainwater and some types of carbonate rocks, i.e., the lime-
stone, the dolomitic limestone, and the dolomites, which
are part of the carbonate series previously described.
Although dolomite has a lower solubility than calcite, in the
series, the two minerals alternate, so in the studied area, the
superficial karst forms are widespread in the hydrogeological
basin, except in those areas with high slopes, usually associ-
ated with the fault lines. The Western Aurunci area is a karst
area without a true hydrographic network, and therefore, the
genesis of the existing valleys, within the relief, appears more
affected by the faults than the runoff. Surface hydrology is
reduced by many absorption points, which rapidly drain
rainwater into the subsoil. The Aurunci Mountains are
composed of two distinct hydrogeological units: the Western
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FIGURE 1: Geographical framework of the study area.

Aurunci Unit, belonging to the Ausoni-Aurunci system, and
the Eastern Aurunci Unit, separated from the western one
by a marly-arenaceous flysch complex [32]. The Western
Aurunci hydrogeological unit, as previously described, is
made up of dolomitic limestone and dolomites of the Jurassic
and Cretaceous ages, which houses an important karst aqui-
fer, giving rise to springs. The most important ones are the
Mazzoccolo and Capodacqua di Spigno (Figure 3), which
show, respectively, an active recharge of about 17 and

37 m’/year, averaged over 40 years of observations, whereas
feedin§ areas have been estimated at about 30km® and
60 km?, respectively [34]. The Eastern Aurunci hydrogeologi-
cal carbonate structure is surrounded by relatively less-
permeable sediments, including the Frosinone flysch, the
Roccamonfina vulcanite, and the Garigliano Plain alluvial
deposits [32, 35]. The Mazzoccolo Spring flows from the base
of Pliocene conglomerates, which is tectonically in contact
with the limestone. This spring is located at an altitude of
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FIGURE 3: Subsurface hydrology of the West Aurunci karst aquifer (modified from [32]).

11.5m a.s.l, where rocks present fractures due to the inter-  on the hills (Mola Mountain), surrounded by clayey sands
section of numerous faults [36]. The local geological setting ~ and alluvial deposits of debris. The abundance of ground-
of the study area is characterized by conglomeratic limestone ~ water is due to the permeability of the limestone (highly
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fractured and deep karst), which stores a significant
quantity of groundwater. In this area, the top of the sat-
urated zone presents considerable differences in the level
(Figure 3) [4, 32].

The Capodacqua di Spigno Spring is located at an altitude
of about 35m as.l, on the eastern edge of the Aurunci
Mountains. The spring water comes out from the permeable
limestone of the La Civita Mountain and the Castello
Mountain and flows above the upper Miocene clays, at
the lowest point of the limestone-clay contact [37, 38].

The general groundwater flow direction of the aquifer is
towards the SE, but there are also important local flows along
the two faults that delimit the carbonate series outcropping,
especially the one to the east, which seems to represent the
main water conduit towards the spring.

The “25 Ponti” area, where the Tulliola and Terenzia
wells are located, is about 1 ha. The geology is locally charac-
terized by the presence of a top layer made of silty-sandy
deposits (about 17 m), a central layer made of fractured and
karst micritic limestone (about 8 m), and a bottom layer
made of breccia with calcareous clasts (more than 50 m).
The bottom layer consists of the saturated part of the aquifer,
since the water table level is about 4 m a.s.l. and the wells are
about 500 m away from the coastline (Figure 4).

In this area, the hydrogeological context allows huge
groundwater drainage towards the sea, estimated in flow

rates of about 3-4m’/s and confirmed by the presence of
several small submarine springs.

4. Materials and Methods

The monitoring activities were conducted from 2016 to
2018. 73 groundwater samples were collected from 2 karst
springs and 2 wells, extensively used for drinking purposes
(Table 1). Descriptive statistics of the analysed parameters
in water samples are reported in Table 2. The Mazzoccolo
(28 samples) and Capodacqua di Spigno (27 samples)
springs have been monitored monthly from January 2016
to January 2018. The Tulliola well was realized in July 2017;
for this reason, water samples have been collected monthly
only from August 2017 to December 2017 (16 samples). In
fact, during this period, the well has been used at increasing
flow rates to monitor the effects of groundwater exploitation
on the karst coastal aquifer quality (Table 3). The Terenzia
well has been completed in June 2018, and the related
water samples have been collected during a slug test made
in July 2018 (2 samples). As regards chemical analyses,
bicarbonate was determined in the lab by titration with
0.IN HCL The chemical composition was determined
using standard analytical methods [39]. All the analyses
of major cations and anions were carried out by the labo-
ratory of the local water supply agency, using a Dionex
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TaBLE 2: Descriptive statics of analysed parameters in the groundwater samples.

Sample codes Parameters EC (uS/cm) Na* (mg/l) K' (mg/) Ca** (mg/l) Mg>" (mg/l) CI (mg/l) SO, (mg/l) HCO, (mg/l)

Minimum 607.00 16.70 0.30 62.90 9.80 42.80 27.20 244.00
TUL Maximum 858.00 36.70 12.40 120.60 17.80 137.30 32.30 475.80
Mean 728.13 26.44 2.08 95.57 13.94 78.14 29.98 371.34
STD 87.83 6.57 2.85 17.49 2.29 37.64 1.21 70.01
Minimum 1102.00 55.00 1.40 133.30 32.90 196.00 69.20 573.40
TER Maximum 1146.00 58.00 2.00 140.10 34.10 218.30 69.60 597.80
Mean 1124.00 56.50 1.70 136.70 33.50 207.15 69.40 585.60
STD 31.11 2.12 0.42 4.81 0.85 15.77 0.28 17.25
Minimum 280.00 2.10 0.10 31.10 1.00 6.60 2.90 97.60
MAZ Maximum 313.00 5.10 8.20 59.40 11.90 11.80 4.30 244.00
Mean 302.50 391 0.95 48.55 7.48 8.08 3.56 185.61
STD 6.89 0.89 1.68 7.14 2.60 1.26 0.36 30.50
Minimum 258.00 2.00 0.10 33.60 1.00 5.30 2.50 109.80
CAP Maximum 325.00 4.20 8.50 59.30 10.00 9.30 3.80 219.60
Mean 290.89 3.34 0.82 47.52 7.22 6.75 3.13 181.19
STD 17.71 0.65 1.58 7.71 2.59 1.15 0.34 28.45
TUL: Tulliola well; TER: Terenzia well; MAZ: Mazzoccolo Spring; CAP: Capodacqua di Spigno Spring.
TaBLE 3: Average flow rates and cumulated water volumes exploited 12.00 4
in the Tulliola well. 1000 1 -
Date Quverage (1/5) Ve (M) g 8.00 1 "
September 2017* 17.00 22032 5 o l ' "
October 2017 36.68 98246 < 4009 . E I
November 2017 37.74 97822 200 ¥ " ' . e
December 2017 36.96 98997 O Mg' N K HCO- o sor
*Exploitation start date: 18/09/2017. Parameters

ICS-1000 Ion Chromatograph, calibrated through repeated
analysis of five working cation and anion standards, with
concentrations within the range of analyses.

5. Results and Discussion

5.1. Hydrogeochemical Facies. Results coming from analyses
show that the Mazzoccolo and Capodacqua di Spigno spring
water samples are characterized by a cationic composition
mainly dominated by Ca®* and Mg>", with the abundance
order of Ca** > Mg?* > Na* (meq/l). This water composition
reflects the geological nature of the hydrogeological basins to
which both springs refer. The Tulliola and Terenzia well
water samples are more mineralized, with the abundance
order of Ca** > Mg** =~ Na* (meq/l) (Figure 5). The anionic
composition order is HCO;~ > Cl™ > SO,*" (in meq/l), sug-
gesting the potentially different nature of the groundwater
and related flow paths. A high variability between mini-
mum and maximum values is specific for the Tulliola well
(Figure 5). As shown in Table 2, the electrical conductivity
(EC) of the Mazzoccolo and Capodacqua di Spigno springs
ranges between 280uS/cm and 313 uS/cm and between
258 uS/cm and 325 uS/cm, respectively. The lowest value of

B Tulliola well
[l Terenzia well

[ Mazzoccolo Spring
Capodacqua di Spigno Spring

FIGURE 5: Boxplot of the major composition in the spring and well
water samples.

EC was recorded for both springs in April 2017, at the end
of the rainy season. The EC values of the Tulliola well water
range between 607 uS/cm and 858 uS/cm, respectively, at
the beginning and at the end of the water withdrawal,
whereas the Terenzia well shows a higher EC value, beyond
the value of 1100 uS/cm.

In Figure 6, the Cl" concentration in the Tulliola well
water samples is represented, with respect to the operating
flow rates from September 2017 to December 2017. The
comparison between the increase of the Cl” content and the
total water volume extracted from the well, starting from
18™ September, clearly highlights the flow rate influence on
groundwater quality changes (Figure 6). The Piper diagram
[40] shows that Ca*" and HCOj; are the dominant ions in
the study area (Figure 7). All spring and well water samples
show a Ca-HCO, facies, due to the carbonate dissolution
process, related to the presence of limestone and dolomitic
limestone outcropping in the study area. The Na-Cl water
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FIGURE 7: Piper trilinear diagram showing hydrogeochemical facies of the groundwater.

types are majorly present in the coastal aquifers where
groundwater salinity is high. The sample distribution in
the Piper diagram shows that the wells’ groundwater (the
Tulliola and Terenzia wells) slightly moves from freshwater
(the Mazzoccolo and Capodacqua di Spigno springs) to
Na-Cl facies, which represented the saline water type
(Figure 5). The different hydrochemical facies between these

different water resources may reflect on the higher Cl" con-
centrations in the coastal area, due to seawater intrusion.
When seawater intrusion occurs, the seawater undergoes
chemical changes due to the cation exchange reactions.

5.2. Geochemical Modeling. Groundwater geochemistry is
controlled by water-rock interactions [41, 42]. To identify
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TABLE 4: Statistical summary of saturation indices of minerals in groundwater using PHREEQC. BEX index and some ionic ratios of interest

in the study area.

Sample codes Parameters Calcite Dolomite Halite Na/Cl (meq/1) CI/HCO; (meq/l) BEX (*BEX,)
Minimum -0.030 -1.250 -7.690 0.400 0.155 -1.393
TUL Maximum 0.440 -0.300 -6.880 0.942 0.553 1.083
Mean 0.203 -0.752 -7.333 0.583 0.353 -0.012
STD 0.134 0.269 0.306 0.164 0.126 0.810
Minimum 0.450 -0.030 -6.560 0.410 0.588 -2.825*
- Maximum 0.720 0.500 -6.490 0.433 0.628 -2.419*
ER Mean 0.585 0.235 -6.525 0.421 0.608 -2.622%
STD 0.191 0.375 0.049 0.016 0.028 0.287*
Minimum -0.290 -1.770 -9.360 0.450 0.051 -0.028
Maximum 0.530 0.530 -8.860 1.092 0.118 1.111
Maz Mean 0.229 -0.661 -9.058 0.751 0.077 0.565
STD 0.216 0.571 0.142 0.171 0.015 0.250
Minimum -0.180 -1.670 -9.490 0.533 0.065 0.047
CAP Maximum 0.600 0.220 -8.950 1.109 0.553 0.083
Mean 0.229 -0.714 -9.204 0.772 0.428 0.065
STD 0.201 0.504 0.137 0.155 0.205 0.010
1 0
= 0.5 -2
L
g —0.5 &
g N L A A
;3 1 y 7 “ 7 AA A A :
-1.5
-2 -10 '
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FIGURE 8: Saturation index (SI) values for the carbonate and evaporite minerals for the spring and well water samples. Calcite and dolomite
saturation indices versus HCO;  (a); halite saturation index versus Cl™ (b).

these processes, geochemical modeling and the saturation
index of spring and well water samples were studied, in order
to investigate groundwater interaction with carbonate rocks.
The saturation indices (SI) referring to groundwater samples,
with respect to different mineral phases (i.e., calcite, dolo-
mite, and halite), were calculated using the geochemical
software PHREEQC [43] (Table 4). The positive and negative
SI values represent the thermodynamic potential for precipi-
tation and dissolution, respectively. Equilibrium is indicated
when SI = 0; the groundwater is supersaturated when SI > 0,
which shows that precipitation is needed to achieve equilib-
rium. If s, the groundwater is undersaturated: this fact
indicates that dissolution is required to reach equilibrium.

Groundwater saturation with respect to calcite suggests
that this carbonate mineral is the main component in
the host rock. However, the lower calcite saturation has
influenced groundwater chemical composition. All water
samples are undersaturated in the halite mineral, indicat-
ing that groundwater dissolves most likely the halite along
the flow paths, hence leading to an increase of Na* and
CI" concentrations [44].

The results of the geochemical model suggest that
more than half of the spring water samples are saturated
with respect to calcite and undersaturated with respect to
dolomite (Figure 8(a)). The saturation with respect to cal-
cite and dolomite reflects a great dissolution and strong
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mineralization along groundwater flow paths. The high
dissolution rate for carbonate rocks allows for waters close
to saturation with respect to the calcite and dolomite and
evaporite mineral halites to remain undersaturated, resulting
in continued dissolution along the flow paths. This indicates
that the groundwater is able to dissolve gypsum and halite
along the flow paths; hence, the concentrations of Ca**,
SO,*", Na*, and CI" in the solution would increase.

Spring water has great variability in calcite and dolomite
saturation indices. The calcite and dolomite saturation indi-
ces of samples coming from both springs present great vari-
ability, instead of those related to well water (Figure 8(a)).
The Terenzia well water samples are saturated with respect
to both calcite and dolomite, whereas the Tulliola well water
samples are saturated with calcite and undersaturated with
dolomite. The diagram representing the halite saturation
index with respect to Cl™ (Figure 8(b)) highlights that all the
groundwater samples are undersaturated with halite, with
saturation index values that generally show a growing trend
related to the increasing concentration of CI'. This trend is
clear both in the Tulliola well samples, with the flow rates
increasing, and in the Terenzia well samples, but not in
the groundwater spring samples. The effects of seawater
encroachment in the well water have been evaluated studying
different ionic ratios and relationships. For example, the
Na/Cl ratio values, lower than the seawater value (0.88),
generally suggest seawater encroachment [24, 25, 45].

The Na/Cl ratios for the analysed samples range from
0.40 to 0.94 in well water and from 0.45 to 1.11 in spring
water (Table 4). For the well water samples, the Na/Cl ratios
show a decreasing trend as the Cl” concentration increases
(Figure 9). In the Tulliola well, the Na/Cl ratios clearly
decreased along the period of the well exploitation, propor-
tionally to the extracted flow rate, suggesting first evidence
of a seawater intrusion in this system as a consequence of
the well exploitation. This hypothesis is confirmed by the
Na/Cl ratio of the Tulliola water sample, collected before
the pumping (01/08/2017), which has a value higher than
the Mediterranean seawater ratio (0.88). In spring water
samples, the Na/Cl ratios show high variability, which is
not related to a Cl-increasing concentration. The lower
values of the Na/Cl ratios in well water samples, with respect
to the Mediterranean seawater ratio, are also due to the
deficit of Na™ resulting from the cation exchange process
with Ca®" occurring during seawater intrusion [24].

This is quite evident examining Figures 10(a) and 10(b),
where Na* and Ca®" clearly deviated (respectively, with a
negative and a positive trend) from their conservative
expected values indicated by the freshwater-saline water
mixing line.

The CI/HCO; ionic ratio is useful to characterize the
origin of salinity in the groundwater and to classify the rate
of seawater intrusion [14, 23, 41]. The CI/HCOj ratio ranges
from 0.16 to 0.63 in well water and from 0.05 to 0.55 in spring
water (Table 4). According to the classification shown in
Figure 11, all groundwater samples fall in the “not affected”
field, with higher values for the Terenzia well samples, close
to the “slightly affected” one. As regards samples collected
in the two springs, they fall far from the line that separates

1

. [01/08?2017

0918... . DR PRERS Ll SR PRERS L
. : . Mediterranean Sea R = 0.8 .

0.8 36/08/2017 25/08/2017

- 08/08/2017 -

0.7 .
;14/09/2017 Ag—18/092017
C 0.6 C 18709/2017 : :
3 10/10/2017
Z 0.5 ’ - 31/08/2017. - : - 20M11/2017 7 0907/2018
@ 01/09/2017 02/11/2017 . : e
0.4 : - - 08/11/2017- - - . . A
0271072017 11/07/2018
03 o ST adi2oi7 27112017 :
0.2
0.1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Cl (meq/L)

A Tulliola well
A Terenzia well

@ Mazzoccolo Spring
@ Capodacqua di Spigno Spring

FIGURE 9: Scatter plot of Cl vs. Na/CL

the “not affected” from the “slightly affected” area. It is
interesting, however, to note how the samples of the Tulliola
well are approaching this line with the progress of time, i.e.,
with the increase of the flow rate.

5.3. Seawater Intrusion Assessment. The Base Exchange Index
(BEX) is frequently used in regional hydrochemical surveys
in order to indicate whether an aquifer is salinizing or fresh-
ening or it has been freshened or salinized in the past [22]. In
this study, the BEX index has been calculated to investigate if
well water samples were affected by seawater intrusion.

According to Stuyfzand, using the relation between
sodium, potassium, and magnesium to chloride, the process
of salinization and freshening of groundwater can be identi-
fied with the help of a positive or negative value of the BEX
index [46, 47] according to

BEX = Na + K +Mg—1.0716-Cl (meq/L). (1)

For dolomitic aquifers, Stuyfzand [46] has suggested
another index (BEX,) which is expressed by the following:

BEX, = Na + K - 0.8768 - Cl (meq/L). (2)

These parameters represent the difference between prin-
cipal marine cations, which are found in one water sample,
and the expected values of these for seawater. The BEX rep-
resents the trend of groundwater salinization or freshening:
a positive value represents freshening, a negative value indi-
cates salinization, and a value equal zero represents no base
exchange [46-48]. The BEX index was calculated according
to equation (1) for all groundwater samples, except for the
Terenzia well water samples, saturated in the dolomite
mineral, for which equation (2) has been applied (Table 4).
All spring water values are positive, confirming the absence
of seawater intrusion (Figure 12). Tulliola well BEX indices
point out a salinization trend (BEX <0) from the half of
September 2017, due to the extensive pumping which caused
a slight seawater intrusion (Figure 12). The Terenzia well
water samples show the most negative value of the BEX,
indices, confirming the seawater intrusion in the study area.
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Similar considerations can be made using some graphical
representations, specific for groundwater analysis, which
allow to better understand the ongoing processes in the

EC (4S/cm) aquifer. Figure 13 shows a plot based on the approach out-
0 200 400 600 800 1000 1200 lined by Kelly [27], in which the correlation between chloride
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FIGURE 12: Scatter plot of electrical conductivity (EC) vs. the

BEX index.

area, whereas those collected during October 2017 and
November 2017 fall in the yellow and red areas, respectively,
confirming the slightly negative effect of the pumping to
groundwater quality. The two water samples collected in
the Terenzia well, before and after the slug test, fall into the
red area, which defines the “intrusion” conditions.
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F1GURE 14: Hydrochemical Facies Evolution Diagram (HFE-D) for groundwater samples.

The negative effect of the pumping to groundwater qual-
ity is also confirmed plotting the Hydrochemical Facies Evo-
lution Diagram (HFE-D), proposed by Giménez-Forcada
and Sdanchez San Roman [49]. This diagram has been specif-
ically created in order to better highlight the main processes
occurring in coastal aquifers, involving seawater intrusion
evolution, through a detailed study of the groundwater
hydrochemical facies evolution [49].

The abscissa represents, separately, the percentages of
Na* and Ca** in meq/l. In the diagram setup, in order to
identify direct and reverse ion exchange reactions, for water
samples containing a percentage of Ca>* greater than that
of Na*, only the Ca®" percentage is represented and vice
versa. Calcium and sodium percentage values, between 0%
and 33%, are not represented with the aim to draw the lines

of evolution facies, and Mg** is not integrated into the dia-
gram due to its irregular behaviour in exchange processes.
The ordinates represent the percentage of anions. In particu-
lar, the chloride percentage characterizes seawater, and the
bicarbonate or sulphate percentage (depending on their
dominance in freshwater) characterizes the recharge water.

Freshwater generally corresponds to the heterotopic
facies Ca-HCO,/SO,, whereas the Na-Cl facies identify saline
or seawater. Seawater intrusion is suggested by an early
increase in salinity and a reverse exchange of Na-Ca, which
is recognized by the characteristic Ca-Cl facies. Finally,
this type of water evolves towards facies that are closer
to seawater (Na-Cl).

To build up this diagram, an excel macro, courtesy of
the same authors [49], was applied. In Figure 14, data
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related to the Tulliola and Terenzia well water samples are
represented in the Hydrochemical Facies Evolution Dia-
gram (HFE-D).

The blue line represents the binary mixing of freshwater
with seawater. Data, coming from collected water samples,
appear on the right and beneath the mixing line, falling in
the field of Mg-Ca-HCO, facies (Figure 14). In order to
investigate the possible seawater intrusion into the “25 Ponti”
area, a single point, given by the mean values of all spring
water samples, was added to the HFE-D. This point (blue
colour) represents groundwater not affected by saline intru-
sion (i.e., freshwater), but in the plot, it is not easily recogniz-
able due to the closeness to the Tulliola well sample collected
in 01/08/2017. This evidence confirms that, before the pump-
ing, the Tulliola well groundwater chemical characteristics
were similar to the spring water characteristics. The other
water samples collected in the Tulliola well during August
2018 fall along the mixing line. On the contrary, the rest
of the Tulliola water samples show a tendency toward
Ca-MixHCO; composition (Figure 14), highlighting an
increase in salinity, maybe due to the development of reverse
exchange reactions, related with the groundwater exploita-
tion. Water samples collected in the Terenzia well are plotted
below the mixing line, closer than those of the Tulliola well,
suggesting a more mineralized water.

6. Conclusions

Results coming from a groundwater quality assessment,
carried out in the karst coastal region of the West Aurunci
Mountains (Central Italy), have been presented here, as
these karst carbonate aquifers well represent some typical
hydrogeological frameworks in the southern part of the
Latium Region.

Groundwater samples, collected from two springs and
two wells, exploited for drinking purposes, were analysed to
study the main processes controlling the hydrogeochemical
evolution and water quality properties.

The geochemical modeling shows that all groundwater
samples belong to the Ca-HCO; hydrogeochemical facies,
highlighting a different mineralization between spring and
well water samples.

The Mazzoccolo and Capodacqua di Spigno springs
present similar geochemical characteristics, related to the
carbonate dissolution process occurring in the aquifer.

On the contrary, the proximity to the coastline of the “25
Ponti” wellfield and the higher values of EC, Na*, and CI,
measured in well water samples, suggest a potential seawater
intrusion phenomenon.

In order to evaluate its severity, ionic ratios, graphical
approaches, and specific indices have been used. In the
Tulliola well, all the geochemical parameters analysed
clearly change over time, proportionally to the flow rate
exploited from the well, approaching the values obtained
for the Terenzia well samples. In fact, the two water
samples collected in the Terenzia well, before and after
the slug test, show the highest mineralization most likely
related to seawater intrusion.

Geofluids

The results obtained confirm that carbonate coastal aqui-
fers are very vulnerable; therefore, they require continuous
and systematic monitoring, in order to achieve a sustainable
groundwater exploitation even in times of emergency.
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To simulate the evolution of groundwaters interacting with granulitic rocks of the lower crust exposed in the southern sector of the
Calabrian region, reaction path modeling was performed by means of the EQ3/6 software package version 8.0a. Low-salinity waters
issuing from granulite have Na—Cl to Na-HCO, composition, about neutral pH (mean value of 6.7), outlet temperatures of 7.7 to
14.2°C, oxidant redox potentials from 100 to 182mV, and electrical conductivity from 72.1 to 196.9 uS/cm. The mineral
constituents of local granulite are plagioclase, amphibole, biotite, clinopyroxene, garnet, and orthopyroxene. Simulations were
carried at constant temperature of 11.8°C (which reproduces the average temperature of local groundwaters) fixing the fugacity
of CO, at 1072* bar (mean value), 102° bar (mean value +1 0), and 10>® bar (mean value -1 o). The analytical contents of
major elements in groundwaters were satisfactorily reproduced by modeling and are fully consistent with the secondary
minerals produced by weathering processes affecting the same rocks.

1. Introduction

The chemical composition of natural water is derived from
many different sources of solutes, including aerosols and
gases from the atmosphere, erosion and weathering of soil
and rocks, and dissolution or precipitation reactions occur-
ring below the land surface. However, human activities play
an important and not negligible role on the chemical compo-
sition of natural waters. Some of the processes of dissolution
or precipitation of minerals can be closely evaluated by
means of principles of chemical equilibrium whereas other
processes are irreversible and require consideration of
reaction mechanisms and rates [1-4]. During water rock-
interaction, the major, minor, and trace constituents are
leached from primary minerals and enriched into local
groundwaters. At the same time, during the progressive
dissolution of the rocks, the aqueous solution may attain
saturation with respect to different secondary solid phases,
potentially acting as sinks of various elements and species
[5-9]. For these reasons, the fate of the chemical components

of interest during weathering of rocks is a rather complex
theme, whose understanding requires the use of reaction
path modeling [10-20]. In this work, the EQ3/6 software
package, version 8.0a [21], was used to study the weathering
processes that occurred on the granulite rocks of the Serra
Massif. Reaction path modeling was performed using some
needful information, comprising (i) relevant thermodynamic
and kinetic data, (ii) chemical composition and abundance
of each primary solid phase of interest, (iii) chemical com-
position of the initial aqueous solution, and (iv) chemical
composition of the aqueous solution during water-rock
interaction. Items (i) to (iii) are needed to implement reac-
tion path modeling, whereas item (iv) is used to evaluate
its validity, through comparison of computed results with
analytical data.

2. Geological Background

The Calabrian belt, known as the Calabrian-Peloritan Arc
[22], belongs to a fold belt linking the NW-SE Apennines
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FiGure 1: Simplified geological map of the study area also showing the location of spring water and rainwater samples.

structure with W-E-trending structures of Sicily and
Northern African Maghrebian regions [23].

On the basis of radiometric, petrological, and seismic
data [24], the Calabrian Peloritan Arc (CPA) has been con-
sidered to have a pre-Hercynian lower crustal segment thrust
into the middle crust during the Hercynian orogeny and
uplifted during the Europe-Apulia collision in Oligocene-
Early Miocene (][22, 25] and references therein).

CPA is divided into two main sectors: (i) the northern
sector, in which fall the Sila Massif and Coastal Chain, and
(ii) southern sector, in which fall Aspromonte and Serre
Massifs. The two sectors are separated by a strike-slip tec-
tonic line cross along the Catanzaro trough [26]. The study
areas fall in the Serre Massif which is made up mainly of
high- and low-grade metamorphic rocks that discontinu-
ously overlay the late Hercynian granitoids, granodiorites,
and tonalites. All the sequences are sometimes covered by
unmetamorphosed Cenozoic sedimentary deposits [27]. In
the studied area (Figure 1), granulite-facies crop up exten-
sively. These rocks can be associated with two distinct
tectonic units belonging to the Monte Gariglione and
Polia-Copanello complexes of the Sila Unit ([22, 28]; Bonardi
et al,, 2001). The two lithostratigraphic units [29] consist in
(i) the lower unit mainly made up of metabasic rocks,
predominantly layered metagabbro, and meta-anorthosite
with small and subordinate ultramafic bodies and in (ii) the
upper unit made up of migmatitic aluminous paragneiss,

orthopyroxene-bearing felsic granulite, and marbles that
sometimes include quartz monzo-gabbronorite sills and/or
dikes. Surrounding the investigated area, the granulite-
facies rocks and phyllonitic rocks are separated by the
Curinga-Girifalco Line of Alpine age [29].

3. Methods

3.1. Water Sampling and Analytical Techniques. A total of 30
spring water samples and 4 local rainwaters were collected in
the study area (Figure 1) and analyzed for major compo-
nents. During the collection samples, unstable parameters,
such as temperature, pH, and oxidation-reduction potential
(Eh) as well as electrical conductivity (EC), were measured
in the field by using portable instruments. Total alkalinity
was also determined in the field by acidimetric titration
utilizing HCI 0.01 N as titrating agent. Waters were filtered
in situ through a 0.4 ym pore-size polycarbonate membrane
filter (Nuclepore). Samples for the determination of anions
were stored without further treatment. Samples for the deter-
mination of cations were acidified, by addition of suprapure
acid (1% HNO;) after filtration and stored. New polyethylene
bottles were used for all the samples. In the laboratory, the
concentrations of Na*, K*, Mg**, Ca**, F’, CI', SO,*, and
NO;™ were determined by high-performance liquid chroma-
tography (HPLC, Dionex DX 1100). All the chemical data
were determined in the laboratory of the Department of
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TaBLE 1: Chemical-physical parameters of groundwater samples coming from the study.
Code Tfmp pH Eh Cond Na K Ca Mg  AlkTot SO, Cl NO, Sio, F
C (mV)  (uslcm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 13.30 6.8 123.0 193.9 14.6 1.9 11.2 4.7 60.5 8.1 20.0 16.5 20.3 0.1
2 12.80 6.0 120.0 92.8 8.3 1.1 2.5 1.4 12.8 6.8 11.8 1.2 10.8 0.1
3 1250 6.7 1000 1185 104 0.9 4.0 2.9 23.6 5.3 16.1 19.3 0.1
4 1240 6.7 102.0  100.7 8.5 0.9 3.1 2.8 15.1 6.2 13.0 15.0 0.1
5 12.10 6.5 107.0 103.6 10.0 1.1 3.6 1.9 22.8 43 15.1 14.8 0.1
6 12.10 6.0 128.0 105.9 9.3 1.1 4.0 2.1 18.1 12.1 12.4 1.1 11.8 0.0
7 11.80 6.7 107.0 147.4 11.2 1.2 6.0 2.7 19.9 8.5 19.7 0.6 15.8 0.1
8 1220 6.8 121.0 125.0 12.0 1.0 5.0 2.2 37.2 3.6 12.9 25.3 0.1
9 1260 6.2 1330  106.1 9.3 1.1 3.6 2.0 20.5 4.3 15.1 4.1 24.5 0.1
10 1240 63 1170 92.6 8.5 0.9 2.6 1.6 11.9 7.4 133 0.7 13.8 0.1
11 1230 6.3 121.0 123.2 9.8 1.1 54 3.6 335 5.0 14.5 33 17.0 0.1
12 1250 6.8 110.0 133.8 9.6 0.8 6.6 3.5 39.7 3.0 9.2 24 22.3 0.1
13 1140 72 103.0 140.3 10.9 1.1 7.9 3.1 389 6.0 13.6 1.1 28.5 0.1
14 1140 6.3 131.0 109.3 10.7 1.1 3.1 1.5 13.8 43 18.5 1.9 18.5 0.1
15 1130 6.3 138.0 72.1 7.1 0.4 1.8 0.8 7.4 4.0 11.0 0.2 13.5 0.0
16 1120 6.5 129.0 86.5 8.2 0.6 2.4 1.0 11.3 43 12.0 0.7 15.8 0.0
17 1090 69 1180  126.8 10.9 1.0 53 2.0 27.9 3.1 14.9 0.4 37.5 0.1
18 1190 7.1 110.0 112.1 9.0 0.8 4.2 2.5 26.7 5.9 11.9 2.2 53.5 0.1
19 10.30 7.2 108.0 110.4 8.9 0.9 4.8 2.3 21.1 4.0 14.9 0.0 41.8 0.1
20 9.60 6.4 138.0 92.1 8.1 1.0 2.5 1.7 17.3 3.4 12.7 1.0 26.5 0.1
21 11.50 82 111.0 177.6 9.0 2.2 9.5 7.1 41.7 17.4 11.2 353 0.1
22 9.60 73 1000 1014 9.7 0.8 4.1 2.2 21.6 5.0 133 3.9 23.8 0.1
23 1240 63 105.0 92.8 7.7 0.9 4.6 1.9 27.5 5.0 9.1 0.9 22.5 0.1
24 770 6.8 1350 1165 9.0 0.9 6.2 2.4 32.2 4.5 13.2 3.0 31.3 0.1
25 1040 6.2 140.0 86.6 7.4 0.7 2.9 13 14.5 44 11.3 0.5 11.3 0.0
26 11.70 7.1 100.0 127.1 9.6 0.9 54 2.9 354 3.1 8.1 1.3 13.2 0.1
27 11.80 7.1 102.0 196.9 13.5 1.5 8.6 5.0 35.7 3.4 28.5 0.6 16.5 0.1
28 1330 64 168.0 1082 8.6 0.9 2.6 1.5 15.8 4.1 12.8 11.6 0.1
29 13.10 63 182.0 97.3 8.1 0.7 2.5 1.4 15.9 4.8 10.8 11.3 0.1
30 1420 6.6 1580 1153 9.5 0.9 3.0 2.0 21.0 3.8 14.3 14.7 0.1
TaBLE 2: Chemical-physical parameters of rainwater samples coming from the study area.
Ca Mg Na K HCO, SO, cl SiO,
pH (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Rain 1 5.62 2.60 0.60 6.80 0.31 7.42 3.65 10.49 9.65
Rain 2 6.50 1.30 0.33 6.20 0.94 10.1 4.56 9.40 9.33
Rain 3 6.20 2.30 0.35 12.40 1.40 5.62 3.26 13.20 5.64
Rain 4 6.33 0.90 0.30 8.60 0.60 6.98 4.23 12.41 7.10

Biology, Ecology and Earth Sciences of the University of
Calabria, and are reported in Tables 1 and 2.

3.2. Chemical Characterization of Rocks and Minerals. The
mineralogical and chemical characteristics of the granulite
considered as a dissolving reactant in this work is based on
the study of Apollaro et al. [30] who collected and analyzed

several granulite samples from the lower crust exposed in
the southern sector of the Calabrian region.

Apollaro et al. [30] carried out modal analyses on
granulite-bearing plagioclase rock lithotypes (e.g., [31, 32])
to determine the volume percentages of main and accessory
minerals by optical microscopy of thin sections using a
mechanical stage. Granulite rocks have a coarse-grained



texture and are plagioclase-rich (60%) with minor amounts
of amphibole (10%), biotite (10%), clinopyroxene (8%),
garnet (8%), and orthopyroxene (4%).

3.3. Geochemical Modeling. Reaction path modeling of
progressive dissolution of granulite in rainwater was carried
out by means of the software package EQ3/6, version 8.0a
[21], utilizing the thermodynamic database of Wolery and
Jove-Colon [33]. Three simulations were performed in
kinetic (time) mode, under a closed system with secondary
solid phases and an open system with CO,, adopting
different, constant P, values (10, 10*%, and 10"*® bar)
and at constant temperature of 11.8°C (which reproduces
the average temperature of local groundwaters).

Based on the mineralogical and petrographic data, the
dissolving granulite was considered to be constituted by
plagioclase, amphibole, biotite, clinopyroxene, garnet, and
orthopyroxene. Kinetic parameters and surface area were
specified for each primary (dissolving) solid phase because
reaction path modeling was performed in time mode
(Table 3). Kinetic parameters were obtained from the compi-
lation and critical review of available laboratory dissolution
experiments [34]. Thermodynamic data of some minerals
such as anorthite, K-feldspar, albite, annite, phlogopite, mus-
covite, 1.4 nm clinochlore, magnesite, calcite, rhodochrosite,
siderite, witherite, strontianite, and aragonite were evaluated
by a review work of Helgeson et al. [35]. Thermodynamic
data of clay minerals (Mg, Na, K, and Ca end members of
beidellite, saponite, and montmorillonite) and 1.4nm cha-
mosite and celadonites were calculated by Wolery and Jove-
Colon [33] and references therein. Those of vermiculites such
as Me-Al vermiculites, Me-Fe vermiculites, Me-Mg-Al ver-
miculites, and Me-Mg-Fe vermiculites with Me=Na, K, Mg,
and Ca were evaluated by Apollaro et al. [36, 37]. From Perri
et al. [38], thermodynamic data of illite were obtained, and
those of ferrihydrites are from the work of Majzlan et al. [39].

Four chemical analyses of rainwaters collected in the
study area (Table 2) were used to compute the chemical
composition of the initial aqueous solution (mean value).

4. Water Chemistry

4.1. Water Classification. Low-salinity waters issuing from
granulite have about neutral pH (mean value of 6.7), outlet
temperatures of 7.7° to 14.2°C, oxidant redox potentials from
100 to 182mV, and electrical conductivity from 72.1 to
196.9 uS/cm. Based on the triangular plots of major anions
and major cations (Figure 2), the waters show a Na-Cl to
Na-HCO; composition.

In the binary diagram of pH vs. P, (Figure 3(a)), most
of the waters are within the soil range (0.002-0.04 bar; [40]);
only 2 samples are positioned below the lower soil threshold.

Therefore, in the area, CO, is prevailingly contributed by
biogenic shallow sources, such as the decay of organic matter
and root respiration occurring in the rhizosphere. The plot
of the calcite saturation index vs. pH (Figure 3(b)) shows
that undersaturation with calcite is a common condition
for all waters.

Geofluids

TaBLE 3: Geometrical surface areas and masses of solid phases
of interest.

Mineral Vol [Initial surface area Vm Mass

% (cm?) (cm®Imol) (mole)
Plagioclase 60 84000 100.11 13.98462
Amphibole 10 14000 139.2 1.67625
CPX 8 11200 100.25 1.86201
OPX 4 5600 138.665 0.67309
Garnet 8 11200 272.92 0.68396
Biotite 10 14000 152.27 1.53237

Na+K
|
Mg 25 50 75 100 Ca
(a)
I T T T T I T T T T I T T T T I T T |_|_|
SOy o 25 50 75 100 HCO;

(®)

F1GURE 2: Triangular plots of major anions and major cations for the
30 groundwater samples from the study area.

5. Interpretation of Reaction Path Modeling

Analytical data of the groundwaters from the granulitic
aquifer of the lower crust exposed in the southern sector
of the Calabrian region were compared with results of
reaction path modeling. For the waters of interest, alkalin-
ity is used as a reaction progress variable (Xi) instead of
pH for the following reasons [13]: (i) the progressive
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FIGURE 3: (a) Correlation diagram of pH vs. P, also showing the range of soil P, [40] and the mean atmospheric P, value.

(b) Correlation diagram of pH vs. calcite saturation index.

dissolution of primary solid phases, driven by conversion
of aqueous CO, to HCO; ion, causes a continuous
increase in alkalinity, (ii) precipitation of calcite, which
would cause a decrease in alkalinity, is limited (see Section
4.1), and (iii) the alkalinity consumption due to acidity
produced by oxidative dissolution of pyrite is negligible,
as indicated by the generally low SO4 concentrations.

Indeed, during water-rock interaction, due to the appear-
ance of different secondary mineral assemblages acting as
pH buffers (e.g., [41-44]), pH changes are quite irregular
and less continuous.

Figure 4 shows a close-to-linear relation between Xi
and alkalinity, with a good correspondence for all different
pCO, values considered.

The simulations show a progressive dissolution domi-
nated by plagioclase followed by a minor amount of amphi-
bole, clinopyroxene, and biotite and negligible amounts
of orthopyroxene and garnet for all the investigated
pCO, (Figure 5).

As already shown by Apollaro et al. [30], the differ-
ences in the type and amount, along the reaction path
of the secondary minerals (Figure 6), mainly reflect the
different dissolutions of primary minerals and, therefore,
a different contribution during the reaction, of chemical
elements.

The two main secondary solid phases forming during
granulite dissolution, appearing at alkalinity close to 5mg
HCO,/L, are kaolinite and vermiculites with minor amount
of hydroxides. Kaolinite, vermiculites, and hydroxides act
as sinks of Al, Si, and Fe released by primary dissolved
minerals. Carbon dioxide partial pressure has a significant
influence on the first appearance of product phases for all
these minerals except kaolinite. The lower the pCO,, the
earlier all the secondary phases begin to precipitate.

100

80 —

60 —

Alk

40 —

20 —

0 T I T I T I T I T
0 5E-005 0.0001 0.00015 0.0002
Xi

0.00025

—— pCO,= 1072%bar
— pCO,= 10724 bar
— pCO,= 10728 bar
FiGUure 4: Plot of alkalinity vs. the reaction progress variable

showing the results of reaction path modeling for the dissolution
of granulite under different fCO, values (see legend).

Consistently with the undersaturation with calcite, there
is no solid carbonate.

5.1. The Aqueous Solution. The theoretical path of granulite
dissolution, at constant pCO, of 10>, 10>*, and 10>® bar,
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FIGURE 5: Moles of destroyed solid reactants against alkalinity, showing the results of reaction path modeling for the dissolution of granulite:
(a) pCO, of 10720 bar, (b) pCO, of 1072* bar, and (c) pCO, of 10728 bar.

indicates that the water-rock interaction is dominated by
dissolution of plagioclase, amphibole, and clinopyroxene
and much less from biotite, orthopyroxene, and garnet
(Figure 5). The concentration of aqueous Ca and Mg
(Figure 7) increases owing to dissolution of plagioclase,
amphibole, and clinopyroxene, and the amount of Ca and
Mg incorporated in precipitating secondary minerals is neg-
ligible. Variable pCO, does not affect the Ca/HCO; and
Mg/HCOj; ratio at the three pCO, values, and there is a very

good agreement between reaction path modeling results and
the analytical data (Figure 7).

The binary plots of Na versus alkalinity and K versus
alkalinity (Figure 8) highlight that the dissolved Na and
K concentrations increase slightly through the whole sim-
ulation, since the amounts of Na and K contributed by
dissolution of plagioclase and biotite are minimal, and a
part of K and Na is incorporated in the vermiculites at
all pCO, (Figure 6). As already shown by Apollaro
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et al,[13] Na and K versus alkalinity plots in low TDS
groundwaters are poorly informative because these two
alkali metals are probably controlled by varying contribu-
tions of atmospheric-marine salts rather than the
water-rock interaction.

The binary plots of SiO, versus alkalinity (Figure 9)
highlight that the concentration of aqueous SiO, increases
during the dissolution of granulite because all minerals
present in the rocks contain SiO, and the amount of SiO,
incorporated in precipitating kaolinite and vermiculite is

subordinate. Similar to Ca and Mg, variable pCO, does
not affect the SiO,/HCO; ratio and there is a very good
agreement between analytical data and results of reaction
path modeling.

6. Conclusion

Geochemical prospecting carried out in the granulitic rocks
exposed in the southern sector of the Calabrian region
(Southern Italy) has allowed identification of several springs
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crust as well as the results of reaction path modeling for granulite dissolution under different pCO, (see legend).

hosted in a very extensive shallow hydrogeological metamor-
phic complex. To evaluate the irreversible water-rock mass
exchanges occurring during the evolution of rainwaters to

groundwaters, a reaction path modeling in kinetic (time)
mode was performed, under a closed system with secondary
solid phases and an open system with CO,, adopting
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different, constant pCO, values (10>, 10*%, and 10>® bar)
and at constant temperature of 11.8°C.

The secondary (product) solid phases that were allowed
to precipitate are kaolinite, vermiculite solid mixture,
and hydroxide solid mixture according to the general
understanding of chemical weathering and the results
obtained by Apollaro et al. [30] who studied the weathering
processes affecting the same rocks.

The results of reaction path modeling show that the
release of major dissolved constituents to shallow groundwa-
ters is mainly controlled by weathering of plagioclase accom-
panied by minor amounts of amphibole, clinopyroxene, and
biotite and negligible amounts of orthopyroxene and garnet.
Computed contents of key dissolved components (Ca, Mg,
Na, K, and SiO,) are comparable with analytical data,
although not all the details are reproduced, probably due to
insertion in the model of the average composition of primary
minerals, in spite of their nonnegligible chemical variations
and to the fact that some elements such as Na and K are
controlled by varying contributions of atmospheric-marine
salts rather than the water-rock interaction.

Since the frequent worldwide occurrence of this type of
rock, it can be said that this kind of research is of widespread
interest and these results can be transferred to other sites
where granulite rocks occur.
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Water supply of the islands is a global challenge, especially in the countries which have highly indented coastlines with numerous
islands. The island of Mljet in Croatia was investigated due to its unique source of water supply: desalination of water from brackish
lakes—blatinas—fed by groundwater and connected to the sea by karst conduits. Water sampling and chemical analyses were
performed during hydrological minimum and maximum with regard to groundwater levels in 2005/2006 and minimum in
2016. A total of 13 samples were analysed within the study: 10 samples were taken from blatinas, 1 from pit well, and 2 from
borehole wells. All waters sampled from the lakes are of Na-Cl type. The seawater percentage in the lakes used to extract feed
water for desalination plants, calculated by conservative mixing approach, is relatively low (0.7-9.8%) and varies in correlation
with hydrological seasons. Low proportion of seawater is an essential factor of cost minimisation in desalination by the installed
reverse osmosis (RO) plants. Daily monitoring of total dissolved solids in the feed water was introduced in May 2016, and its
results were analysed in the context of precipitation—a sole source of island aquifer recharge. Maximum concentrations were
observed during September and interpreted to be caused by a combination of natural and anthropogenic pressure during the
summer tourist season. Minimum concentrations were expected after the rainy season in the cold part of the year but were
observed in June instead. Due to a short observation period and untypical distribution of precipitation in the same time interval,
the data can only be considered indicative. An unusual pattern of sulphate anion concentrations, which cannot be attributed
solely to fresh- and seawater mixing, was observed in one of the blatinas, but its origin could not be determined based on
available data. Taking into account all the presented data on groundwater quality, climate change predictions, the connection of
water supply system to the mainland and problems with the effluent treatment, it is clear that the main future challenge will be
the creation of an island-wide sustainable water management plan followed by continuous monitoring and research.

1. Introduction

Islands make up about 1/6 of the land area on Earth [1]. The
majority of that area is composed of large islands such as
Greenland, New Guinea, Borneo, Madagascar, Sumatra, or
Honshu. They also house a significant proportion of the
world population, ca. 700 million or 10% [2], with the most
populous being Java, Honshu, Great Britain, Luzon, and
Sumatra. However, there are many small (<1000 km?®) and
very small islands (<100 km? or width < 3km) [3], many of
which are distant from the mainland. According to [4], forty
islands in the Mediterranean region can be classified as small,
and far more as very small islands, according to mentioned
UNESCO classification [3]. Unlike large islands, they often

lack single or multiple resources and are therefore faced
with a specific set of challenges. It is their strategic interest
to reach self-sufficiency in different aspects, especially
regarding water and energy supply. Such strategies often
combine both aspects in the systems including desalination
and utilization of renewable energy sources. Twenty islands
worldwide are trying to achieve an absolute water and
energy self-sufficiency, out of which ten have already
succeeded [2, 5].

Desalination is a source of water supply in many regions
worldwide, with the predominance of arid and coastal areas,
as well as small and/or remote islands. There are approx-
imately 24,000 desalination plants in more than 150 coun-
tries, and the number is continuously growing by about
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500 plants annually. Over half of them are situated in the
Middle East, followed by 17% in North America and 10%
in Europe. Two-thirds of all installed desalination plants
use RO technology [6].

Croatia has one of the most indented coastlines on a
global scale (indentation index being 3.4 [7]), comprising
79 islands, 525 islets, and 642 rocks and rocks awash, which
makes a total of 1,246 [8]. It can be characterized as concor-
dant coastline, i.e., the beds of different rock types are folded
into ridges, which are oriented parallel to the coastline.
Concordant coastlines can be present as two different types,
one of which is designated the Dalmatian type coast [9], after
the Croatian region of Dalmatia, where the island of Mljet is
also situated (Figure 1). A typical feature is that the islands,
straights, and peninsulas are elongated parallel to the shore-
line, and elongated shape obviously has implications to the
possibility of fresh water accumulation in the island aquifers.

At the beginning of the 2000s, a bulk research program
was performed on several small (even for the Adriatic Sea
scale) islands in the northern part of Dalmatia. The program
comprised geological and hydrogeological mapping, surface
geophysical research (mostly electric resistivity tomography
and seismic refraction profiling), and borehole drilling with
pumping tests and hydrochemical research. The main
purpose was to extract brackish groundwater with the lowest
possible proportion of seawater in order to minimise the cost
of desalination by RO plants. Results were limited to a few
positive boreholes, but the experience gained was significant
for further studies, e.g., [10-12], and numerous unpublished
technical reports. Unfortunately, the program was stopped
and has not been renewed since.

Among 66 permanently inhabited Croatian islands [8],
ten have secured their water supply from their own resources
(partially or completely). Several studies have been per-
formed on these and some other islands [13, 14]. RO desali-
nation plants exist on the islands of Dugi otok, Lastovo, and
Mljet (Figure 1). While all of these islands use brackish water
from drilled wells, the latter gets the majority of feed water
from specific natural brackish lakes—blatinas. Being that
the blatinas are the main water source used for public water
supply, the quality of their water and groundwater in
connected aquifers is paramount for the island’s self-
sufficiency. Taking that into account, the main goal of the
presented study is to establish a scientific basis for under-
standing these unique natural phenomena and their connec-
tion with the groundwater in the surrounding karst aquifers.
The obtained results can be used to improve water supply of
the island of Mljet, despite other possible solutions, since the
complete (or partial) water supply from its own resource is a
very important present and future task.

2. History of Hydrogeological Studies on the
Island of Mljet

The island of Mljet has a surface of 98 km®. It is elongated in
WNW-ESE direction and has an indentation index of 3.81
[10], which is calculated as the ratio between the actual coast-
line length and the circumference of the circle with the area
equal to the island surface area [7]. It is a part of southern
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FIGURE 1: Position of Croatia on the Adriatic coast of SE Europe and
the island of Mljet in S Dalmatia region (AT: Austria; BA: Bosnia
and Herzegovina; HR: Croatia; HU: Hungary; IT: Italy; RS: Serbia;
SI: Slovenia).

Dalmatian island archipelago and is characterized by a semi-
arid variety of Mediterranean climate, i.e., Csa according to
Koéppen classification [15].

The earliest data about the hydrogeological research of
the island of Mljet come from [16] and were conducted in
order to ensure local water supply. At that time, the pop-
ulation of the island was small, and rainwater harvesting
tanks were mostly used. The authors described low-
dischargefreshwater springs and proposed geophysical
research which would determine the locations for two
exploration-exploitation wells targeting dolomites in the
vicinity of Babino Polje. At the same time, the blatinas were
deemed unfit for water supply purposes and no further
research was recommended. However, construction of a
dug well next to blatina in Blatsko polje was proposed; the
location of which would be determined by detailed hydro-
geological mapping and geophysical research.

In 1971, four exploration wells were drilled on the island
[17]. The investor, the local government, chose the locations
and drilled the wells without prior hydrogeological research
and supervision. Unsurprisingly, the wells did not show any
significant yield (maximum was 0.21/s).

Hydrogeological research and pumping tests at a few
localities were conducted by [18] in order to secure water
for the temporary water supply using RO desalination
plants, as a transitional solution until the regional Neretva-
Peljesac-Korcula-Lastovo (NPKL) pipeline is extended from
the mainland to Mljet island. The research has shown
favourable conditions, and RO desalination plants were
installed in Sobra, Blato, and Kozarica (Figures 2 and 3).
After that, an additional well in Blato was drilled and tested
in 2000 [21]. It had very good characteristics so the tempo-
rary water supply was improved. Similar procedure increased
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the intake capacity in Sobra in 2002 [22]. Sobra desalination Although a branch of NPKL pipeline to the island of
plant is situated close to the coast so it discharges its efflu- ~ Mljet (NPKLM) was partially constructed several years ago,
ent into the sea, while the one in Blato is in the central it was put into operation only recently and the water supply
part of the island so the effluent is disposed of in the same  for the settlements is still secured using desalination of brack-
karst polje. ish water from lakes and wells. The supply exceeds demand
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by far during the cold part of the year. In the warm period of
the year, the island population multiplies due to tourism
activity, which is characteristic of many Mediterranean
islands [23]. At the same time, the groundwater level is at
its minimum, so the desalination plants usually cover 90%
of the demand, while the rest of the demand is met using
water carrier ships.

3. Geological and Hydrogeological Settings

3.1. Structural Setting and Lithostratigraphy. Structural fabric
of Mljet is basically simple: it is a monocline dipping toward
NNE, probably a northern limb of an overturned anticline
(Figure 2). Its strike is WNW-ESE, and the axis is supposed
to be off the SW shore of the island, i.e., the whole overturned
southern limb is submerged under the sea [19]. The only
prominent fault is a reverse fault along the SW shore of the
island, which is also submerged. It is a marginal fault which
penetrated deep in the lower structural units of the Dinarides
inside the Adriatic (Vis-Lastovo-Mljet fault), while the fault
contact with the Adria microplate is about 10km off the
SW coast of Mljet (Vis-southern Adriatic fault; [10, 24]).
The majority of faults have normal and high angle strike rel-
ative to the fold axis. Although numerous, they are not very
persistent, so the dominant fold structure is mostly preserved.

Chronostratigraphic units are presented according to
[19]. The oldest deposits on Mljet are of Jurassic age, and they
crop out on the SSW limb of the island (Figure 2).
Kimmeridgian-Tithonian deposits (J;°7) are fine-grained
limestones, deposited mechanically (calcilutite), with high

CaCO; content, and their thickness is around 250 m. How-
ever, the most characteristic Jurassic deposits are Titho-
nian dolostones with rare occurrences of interlayered
limestone (]33 ). Dolomitization process destroyed the
majority of primary limestone structures, but in some
localities, calcilutites were identified. The thickness of the
deposits is around 800 m.

Lower Cretaceous deposits also extend in a WNW-ESE
belt along the northern shore of the island (Figure 2).
Barremian and Aptian deposits (K,*”) lay transgressively
on the Malmian deposits. They are mechanically deposited
calcilutites and calcarenites. Calcilutites are composed of up
to 98% CaCO,;, and biocalcarenites contain well-sorted
material. Thickness is up to 400 m. Albian limestones (K,’)
have different fossil content, contain dolomite interlayers,
and are around 200 m thick.

Upper Cretaceous deposits extend all along the northern
coast of the island (Figure 2). They are lithologically very
similar to Lower Cretaceous deposits but can be distin-
guished by micro- and macrofossil content. Cenomanian
and Turonian deposits (K, and K,? respectively) are present
on Mljet itself, while Senonian (K,?) are submerged, but can
be found on the islets off the northernmost coast of Mljet.

Tertiary deposits are not present on Mljet, and the
Quaternary is represented by terra rossa and eolian sands
in small karst poljes.

3.2. Hydrogeological Setting. The abovementioned Jurassic
and Cretaceous limestones and dolostones can be character-
ized by different hydrogeological properties and functions
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FIGURE 4: Blatska blatina in Blato—situated furthest from the sea (a) and blatina Slatina in Kozarica—closest to the sea both laterally and

vertically and with known conduit toward the sea (b).

(Figure 3). The dominant type of porosity is secondary
porosity induced by fracturing. In limestones, the fracturing
was followed by intense karstification, which is far less
pronounced in the dolostones. It is important to point out
that in the Dinaric karst, the karstification is much deeper
than it would be expected when observing present-day sea
level. The mean sea level was over 100 meters lower than
today at the end of the last glacial maximum, thus making
the base of karstification lower as well [25-28]. Such
sequence of events obviously caused the existence of karst
channels below present-day sea level, which has a significant
impact on flow in karst aquifers [29]. On the surface, the
limestone is more prone to corrosion which results in typical
karst forms, while the dolomite is predominantly mechani-
cally weathered into milder morphological forms. On the
islands of such size, relatively lower permeability of the rock
mass (dolomitic limestones or dolostones) is more suitable
for fresh or brackish water accumulation in the underground
than the highly karstified limestones. That is the case because
in the highly permeable rock mass, total seawater intrusion
would occur and there would be no aquifers or lenses of fresh
groundwater significant in the context of providing public
water supply.

Because of the permeability contrast between Jurassic
(predominantly) dolostones and Cretaceous (predominantly)
limestones, the dolostones represent a relative hydrogeological

barrier on the island [30, 31]. Monocline structure dipping
toward NNE, combined with the island’s elongated shape
and zonal arrangement of geological units with dolostones
in the SW and limestones in the NE, causes the water
which infiltrates into carbonate rock mass to flow toward
the NE and discharge along the NE coast in the concen-
trated form of vruljas (submarine springs) and coastal
springs of increased salinity [18], as well as via diffuse dis-
charge, ie., seepage [10]. Although dolomitic rocks are
declared a relative barrier, their persistent fracturing pro-
duces a bulk hydraulic conductivity that is one order of
magnitude lower than the karstified limestones. This combi-
nation of factors makes them adequate for (1) preventing
significant seawater penetration into island aquifer from
the S and (2) generating slower flux through dolostone rock
mass, thereby creating certain groundwater storage which
slowly discharges toward the northern parts in dry seasons
due to aforementioned structural, geological, and morpho-
logical reasons. In such conditions, the blatinas and karst
aquifers can exist in both dolomites and limestones. If the
island consisted exclusively of karstified limestone rock
masses of high hydraulic conductivity, there would be no
possibility to prevent an almost immediate discharge of
the infiltrated water (and groundwater) during rain periods
due to the short distance between the infiltration area and
the sea. Furthermore, seawater would extensively intrude
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the rock masses during dry periods inhibiting its prolonged
mixing with freshwater.

Although there are some minor permanent and inter-
mittent freshwater springs on the island, the most impres-
sive phenomenon from the hydrogeological point of view
is the blatinas (Figure 4). These are marshy brackish lakes
situated next to ponor (swallow hole) of karst polje (as in
Blatsko polje) or submerged sinkholes (as in Sobra, Kozarica,
and Prozura).

Each blatina has ponor, locally named jaz—a deep shaft
that continues through the unexplored karst conduits
and has contact with the sea, which is evident from the
regular appearance of eels in blatinas. Jaz functions as
an estavelle connected to the sea. During low groundwater
levels, the seawater/freshwater transition zone progresses
deeper inland and penetrates the aquifer, causing an
increase in groundwater salinity which also reaches blati-
nas. During high groundwater levels, fresh water sinks
into jaz and pushes the mixing zone toward the sea, caus-
ing a decrease in blatina salinity. Functioning of blatinas
during different hydrological seasons is schematised in
Figure 5.

Even though in the Adriatic there are islands of simi-
lar size, shape and hydrological parameters (as summa-
rized by [4, 10] into a hydrological size index), blatinas
appear exclusively on Mljet. It is a consequence of a char-
acteristic combination of hydrogeological and morpholog-
ical features, i.e., of the facts that (1) the altitudes of polje
and sinkholes are very close to sea level and (2) polje and
sinkholes are connected to the sea by macroscopic size
karst conduits.

4. Methodology

Water samples were collected during two separate cam-
paigns. A set of samples was collected during hydrological
minimum (autumn of 2005) and hydrological maximum
(spring 2006), with regard to groundwater levels, at different
kinds of hydrogeological features: blatinas, pit well, and
drilled wells. These samples were analysed in the hydroche-
mical laboratory of the Croatian Geological Survey. The
electrical conductivity (EC), total dissolved solids (TDS),
pH, and temperature (T), as well as the alkalinity of all the
samples, were measured in situ. Contents of sulphate, nitrate,
bromide, potassium, sodium, calcium, and magnesium were
analysed using LabAlliance ion chromatography apparatus.
Chloride content was determined by the addition of dilute
mercuric nitrate solution to acidified water in the presence
of diphenylcarbazone indicator. Data quality was assessed
by calculating the charge balance between the sum of cat-
ions and the sum of anions, expressed in meq/l, which was
always +5%.

Another sampling was conducted in 2016 from
Sobranska blatina. This sample was analysed by NALCO
Water laboratory in Leiden, The Netherlands, certified to
ISO 9001 standard.

TDS of feed water from Sobranska blatina was mon-
itored on a daily basis by the operator of the desalina-
tion plant in Sobra from May 2016 to June 2018 and

monthly average TDS values were calculated as the
arithmetic mean.

The data from sampling campaigns in 2005/2006 were
subjected to mathematical multivariate technique (R-mode
factor analysis) together with samples from numerous
Adriatic islands [12]. The result was a “minimum” mathe-
matical model which ignores minor influences and nonlinear
effects present in the data spread [32]. Through this tech-
nique, the multivariate relationships were reduced to simple
correlations with a number of mutually uncorrelated and
independent factors. In that way, data structure hidden
from direct observation can be recognized and explained
as natural processes in the system. Such analysis is often
used in hydrogeological and environmental studies for
estimating the source of pollution and for various similar
purposes [33-37]. For this purpose, software STATISTICA
7.0 was used.

All precipitation data were obtained from the Meteoro-
logical and Hydrological Service of Croatia which has a
climatological station on the island of Mljet. Precipitation
was also recorded on a daily basis and afterwards summed
into monthly precipitation.

5. Results and Discussion

5.1. Hydrochemical Facies. Hydrochemical analyses from
water sampling during hydrological minimum 2005, maxi-
mum 2006, and minimum 2016 are displayed in Table 1
and Figure 6.

It is visible that the nontreated waters during the hydro-
logical minimum do not satisfy the prescribed criteria for
drinking water. All of the samples exceed maximal allowed
concentrations of sodium and chloride ions, as well as EC,
which is in accordance with all known facts about the gen-
esis and functioning of blatinas. Also, in Blato wells and
Prozurska blatina, the sulphate ion concentrations exceed
maximum values.

High nitrate ion concentrations were also observed in
blatinas, especially during higher groundwater levels. That
is attributed to the leaching of the nitrates from soil on
arable land in karst poljes and from the epikarst zone
during a rainy period of the year. Also, in such marshy
lakes, a significant amount of nitrogen is present in liv-
ing plants and animals, as well as in their detritus.
Ammonification and nitrification occur during their
decomposition, which additionally increases the nitrate
content in the waters.

The Piper diagram (Figure 6) illustrates the hydrochemi-
cal facies of analysed waters. It is visible that 11 out of a total
of 13 analysed samples exhibit a sodium-chloride facies.
Water from Vodice spring is (Ca, Mg)-HCO; type during
both dry and wet seasons and its composition reflects the
Jurassic dolomite aquifer from which the water originates
(Figures 2 and 3). Water from wells in Blato is the only one
which changes the type seasonally: during the hydrological
maximum, it exhibits a mixed-HCO, type facies, although
clearly much higher concentrations of calcium and magne-
sium cations are present than in other analysed waters.
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FIGURE 6: Piper diagram constructed from major ion compositions of samples shown in Table 1 (red symbols: MIN 2005; blue symbols: MAX

2006; green symbol: MIN 2016).

During the drilling, Musladin [21] reported that the
well is in limestone rock up to its final depth of 38 m, but
the water composition suggests that contact with dolomite
exists, and probably in close proximity, as suggested by
geological setting (Figure 2(b)).

5.2. Seawater Percentage. The percentage of seawater (SP)
was calculated according to conservative mixing approach
[39], from measured concentrations of Cl”™ ions, using the
simplified form of the equation according to [12]:

SP = 0.005[CI]. (1)

Equation (1) is a theoretical linear equation describing
the relation of seawater percentage in the sample to chloride
anion content in the sample valid for coastal mixing (transi-
tion) zone. The equation is simplified by the following
assumptions: (i) concentration of chloride anions in rainwa-
ter is zero; (ii) concentration of chloride anions in the
seawater is constant; and (iii) the only source of chlorides
in groundwater is mixing with seawater. Notwithstanding
these simplifications, the equation is adequate for orientation
purposes, especially in the context of other necessary simpli-
fications while considering karstified carbonate aquifers and
island aquifers.

TaBLE 2: SP in the samples from different locations and in different
seasons on the island of Mljet.

Location SP (%)
Spilja intake structure—Sobra 3.3
Wells in Blato 11.2
MIN 2005 .
Slatina 9.8
Prozurska blatina 48.2
Spilja intake structure—Sobra 0.7
Sobranska blatina 1.9
Wells in Blato 0.4
Blatska blatina 3.8
MAX 2006 ..
Kozarica intake structure 7.2
Slatina 8.9
Prozurska blatina 24.4
Vodice 0.2
MIN 2016 Spilja intake structure—Sobra 4.0

Source: data for 2005 and 2006 from [10]. Abbreviations as in Table 1.

As can be observed in Table 2, the lowest percentage was
recorded in the natural spring of Vodice (0.2%), and the wells
in Blato (0.4%), which was expected. Blatinas generally have
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TaBLE 3: Factor scores. Specific objects are described by three dominant factors/processes.
MIN 2005 MAX 2006
Location F1 F2 F3 Location F1 F2 F3
Spilja intake structure—Sobra -0.125 0.725 0.497 Spilja intake structure—Sobra -0.329 -1.023 0.478
Wells in Blato 1.267 0.786 0.768 Sobranska blatina -0.362 -1.034 0.767
Slatina 0.810 1.044 1.740 Wells in Blato -0.201 -0.654 -0.578
Prozurska blatina 5.140 -0.637 1.059 Blatska blatina 0.038 -0.842 -0.418
) . o Kozarica intake structure 0.583 0.857 -0.878
Dominant process in the system (in italics) )
Slatina 0.680 0.780 -0.689
. . . Lo Prozurska blatina 2.295 1.903 2.328
Very dominant process in the system (in bold italics) i .
Vodice spring -0.434 -0.580 0.320
Source: [10]. Abbreviations as in Table 1.
TABLE 4: Measured and theoretical sulphate anion concentrations in mg/l.
Measured Calculated from SP Calculated from [CI']
Wells in Blato (MIN 2005) 300 302 307
Prozurska blatina (MIN 2005) 1,600 1,301 1,269
Prozurska blatina (MAX 2006) 430 659 652

Abbreviations as in Table 1.

higher SP, which is logical due to their proven conduit con-
nections to the sea: Sobranska blatina (1.9%), Blatska blatina
(3.8%), and Slatina (9%). The highest SP was recorded in
Prozurska blatina (24.4-48.2%, depending on the season),
which is not included in the water supply system. That would
not be economically feasible due to the fact that the energy
consumption for RO desalination, and consequentially the
cost, increases exponentially with water salinity.

5.3. Multivariate Factor Analysis. The hydrochemical data
from 79 samples from various Croatian Adriatic islands were
subjected to multivariate analysis technique of factor analysis
[12], which has shown that 13 hydrochemical variables can
be grouped into three factors, which represent 84% of the
total variance of the system when considering Adriatic karst
islands in general. Those are F1: mixing of fresh groundwa-
ter and surrounding seawater (58%); F2: carbonate dissolu-
tion (18%); and F3: anthropogenic influence, i.e., nitrate
contamination (8%).

In the blatinas of Mljet (Table 3), due to connection to the
sea, F1 factor was significantly loaded for all analysed sam-
ples, although salinity varies from almost potable brackish
water in Sobra and Blato, to almost 50% of seawater during
dry season in Prozura, where F1 is strongly emphasized in
any hydrological moment. In Prozurska blatina, there is also
a high influence of F2 during hydrological maximum, point-
ing to more intense carbonate dissolution in the shallow
epikarst zone during rainfall. Wells in Blato and Slatina in
Kozarica have a high impact of F3 during hydrological
maximum, interpreted as anthropogenic contamination,
i.e., leaching of nitrates of agricultural origin by precipitation.
F3 was especially emphasized as negative (with respect to
initially negative variable loading) in Prozura during high
groundwater levels, pointing to excessive nitrogen degrada-
tion in these hydrological circumstances. The interesting

conclusion is spatial (regional) domination of limestone
dissolution (F2) and pollution (F3) during the rainy season,
when washing out from the soil and epikarstic belt is present.
The risk of pollution is relatively low during the dry season
in the summer, and human influence on groundwater was
reflected in significant slowing down of the process of
ammonia volatilization during the dry season. At higher
groundwater levels, this process is strongly highlighted.
Highly positive values of the bipolar F3 process in Kozarica
and Prozura are probably a consequence of high air temper-
ature in the summer. In the same study [12], multivariate
cluster analysis resulted with only two clusters, described
as (1) marine cluster (presented by sodium and chloride
ions) and (2) lithogeochemical (all other parameters). There-
fore, presented factor analysis seems much more appropriate
for this kind of data and gives deeper insight into this com-
plex natural system.

5.4. Excess Sulphate Anion Content. Sulphate anion values
above the limit for drinking water (Table 1) can be analysed
in the context of Tables 2 and 3. It is assumed that the
principal source of sulphates in Mljet aquifer is seawater,
because in the geological model (Figure 2), there is no record
of sulphate rocks (such as gypsum or anhydrite). Since no
evaporite rocks are present on the island, it was analysed if
the sulphate anion concentration is proportional to the
seawater percentage in corresponding samples (Table 4).
The sulphate anion concentration in seawater was adopted
from [40] to be 2700 mg/l. Such analysis shows that in the
case of wells in Blato, the discrepancy of measured from
calculated value is -0.7%, i.e., it almost absolutely corre-
sponds to the conservative mixing of fresh- and seawater,
when measurement error and seawater chemistry variations
are taken into account. However, in the case of Prozurska
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FiGURE 7: Elements of Sobra desalination system (satellite imagery adopted from Google Earth), with embedded photograph of Sobranska
blatina taken from the location of a desalination plant in September 2016 in the bottom-left corner.

blatina, the discrepancy was +18.7% during the hydrological
minimum and -53.3% during the maximum.

For the purpose of the mentioned factor analysis,
equations of linear correlation with corresponding coefficients
of correlation for various measured parameters were calcu-
lated for the sample set from multiple Adriatic karst
islands. The authors have determined a correlation factor
of r=0.91 between sulphate and chloride anions for the
equation [SO,%7|=13.1[CI"] +16.1 [12]. A similar result
was obtained by applying that calculation (the last column
of Table 4). That means that applying either literature value
for seawater composition or the correlation derived from
numerous Adriatic islands, it is not possible to explain the
sulphate concentrations measured in Prozurska blatina by
conservative mixing model. Obviously, increased ion con-
centrations during the dry season could be the result of
excess evaporation and decreased concentrations of high
precipitation during the wet season. If that were the case, the
regularity would also be present with other sea-derived ions,
especially chloride, which is not observed.

5.5. Temporal TDS and Precipitation Analysis. TDS, deter-
mined in [10] to have a functional relationship to chloride
anion concentrations (r=1), was monitored at Sobranska
blatina, which provides the majority of the feed water for
desalination (Figure 7).

The hydrochemical composition of water from blatinas is
dependent on rainfall, both directly at the lake surface and,
mostly, indirectly by infiltration into aquifers and subse-
quently through fresh groundwater flow. The summary
TDS and precipitation data, resulting from a two-year mon-
itoring on a daily basis, are presented graphically in Figure 8
as monthly averages.

It can be observed that maximum TDS values occur
regularly in September. That is the consequence of two
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FIGURE 8: Monthly average values of TDS in Sobranska blatina
and precipitation on the island of Mljet calculated from diurnal
observations.

interacting factors: natural (low precipitation) and anthropo-
genic (increased pumping due to summer tourist season).
Minimal TDS values in the Mediterranean climate area are
expected after the rainy season, during the spring. However,
monitoring data suggest that the lag is longer and the mini-
mum can be expected in June (as in the cases of 2016 and
2018). In 2017 the minimum TDS was recorded in January,
which is assumed to be an outlier.

However, a two-year monitoring period is far too
short to determine hydrological patterns of such a com-
plex system which is also disturbed by human activities.
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What can be done is a comparison to the referent cli-
matological period of 1981-2000 at the climatological
station on Mljet. In that period, the average annual rain-
fall was 743 mm, with a minimum of 579mm in 1991
and a maximum of 1099mm in 1996. Using that as a
reference, the rainfall in 2016 was 956 mm, and in 2017
it was only 562mm. Also according to the reference cli-
matological period, December is a month with the high-
est average precipitation, and in December 2016 the
precipitation was zero. Extremely low rainfall can account
for the fact that during 2017 with the usual pumping
quantities, TDS of Sobranska blatina never fell under
1,000 mg/1.

5.6. Predicted Impact of Climate Change. According to Lang’s
rain factor (f), which is a quotient of annual average rainfall
in mm and temperature in °C, a climate can be considered
semiarid if f is in the range of 40-60, while it is arid if the
factor is lower than 40 [15]. Since the average temperature
in the referent period was 16.3°C, the rain factor for Mljet
was 45.6, i.e., the island experiences semiarid climate, closer
to arid than to semihumid part of the spectrum. In the
referent 20-year period, a variability in annual precipitation
is visible, with the maximum being almost twice the mini-
mum precipitation (min, g¢,: max,ge = 1: 1.9). According to
the 2017 data, the minimal precipitation values display a
decreasing trend.

Generally, most climate models for the Mediterranean
region predict a gradual decrease in precipitation and an
increase in variability, with a negative influence on water
balance [41-43]. The decrease in effective infiltration into
the karstified underground would obviously lead to a
decrease in the groundwater levels, and one of the conse-
quences would be an increased probability of frequent and
intensive seawater intrusions.

Climate modelling for Croatian Adriatic region was
conducted using five different regional climate models for
the three 30-year periods during 2011-2100 and interpreted
separately for northern, central, and southern parts of the
Croatian coastal and insular area [44]. Results predict mean
air temperature increase up to 3.5-5.5°C until the end of the
century, with a swifter rise at the mainland coastal areas than
on the islands. Changes in precipitation are characterized by
high uncertainty, but their statistical significance increases
going from present toward 2100. A drought during late
spring and early summer is predicted (April-August), which
will extend to September and October toward the end of the
century. This trend is more significant in the southern
Adriatic region. All models predicted that autumn and
winter months will become slightly more humid than at
present. Although weak, the prevailing trends are negative
and consistent at all stations from the central to the southern
Adriatic zone, thus in agreement with the drying trend
observed across the Mediterranean according to IPCC
[44]. If the climate data are inserted into water balance
calculations, total infiltration tends to decrease significantly
and by the end of the century, the water balance deficit
could reach 30-47% of present values [45]. Such circum-
stances will probably lead to major deteriorating changes in
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blatinas’ hydrology and ecosystems, not to mention water
supply issues. According to all climate models, extreme
events such as droughts or flash floods will also become
much more frequent.

6. Conclusions

Although morphology and size of the island of Mljet are not
favourable for significant groundwater accumulation, its
geological structure allows the formation of limited karst
aquifers. Nevertheless, relatively low water demand and
desalination created the possibility for local water supply.
The groundwater is brackish at all extraction sites on the
island and subjected to seawater intrusion in its natural state.

A combination of geological and geomorphological
characteristics enables the appearance of groundwater at
the surface in the form of brackish lakes (blatinas), the level
of which roughly represents the water table of island karst
aquifers. Blatinas are a unique natural phenomenon among
Adriatic karst islands. According to presented hydrogeologi-
cal conceptual model, it is possible to extract further ground-
water quantities (most probably also brackish) in other parts
of the island, but this should be corroborated by a multidisci-
plinary research program including geology, hydrogeology,
hydrology, geophysics, and hydrogeochemistry.

The analysed data from diurnal monitoring of TDS at
Sobranska blatina are indicative of the climatic influence to
feed water composition. However, the monitoring period of
two years is considered too short for an analysis of a complex
karst island aquifer, additionally disturbed by seasonal
anthropogenic activities. Taking into account the fact that
the blatinas and karst aquifers in their vicinity represent a
source of the majority of water supply on the island, it would
be advisable to introduce a permanent TDS monitoring (e.g.,
by monitoring electrolytic conductivity using data loggers)
and monthly chemical analyses, or at least two analyses
annually, during hydrological minimum and maximum, at
all feed water sources (blatinas and wells).

Prozurska blatina, which has the highest SP during both
hydrological minimum and maximum, is not a part of the
water supply system and is relatively inaccessible. Therefore,
not enough data are available to derive the excess sulphate
anion origin, other than seawater. Analysis of stable isotopes
of sulphur from the sulphate could determine its origin as
atmospheric contribution, mineral or rock contribution,
marine and playa lake sources, volcanic sources, or biological
contributions [46, 47].

One of the problems concerning Mljet island’s water
supply is an inadequate effluent management, which should
be a topic of additional research. Sobra desalination plant,
which is close to the coast, discharges effluent into the sea
(Figure 7), but the plant in Blato discharges its effluent with
an average TDS of 8,000 mg/l into the same karst polje and
into Blatska blatina—its topographically lowest part. Such
obviously undesirable practice has not resulted in visible
negative consequences so far, which could be misleading
since there is no monitoring. Effluent from RO treatment of
brackish water can generally be discharged into surface water
bodies if the salinity difference is less than 10% [48]. Since in
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Blato the salinity difference significantly exceeds this stan-
dard, it is necessary to design a plan for treatment and
sustainable effluent accommodation. If the standard is not
maintained, the effluent can change the salinity of the
recipient and the process can result in decreased dissolved
oxygen concentrations in the water and negatively affect
aquatic life [49].

This paper also tackled the question of climate changes.
Climate change models predict an increase in average
temperatures and precipitation variability and a decrease
in effective aquifer recharge up to almost 50% by the end
of this century. That suggests that the island groundwater
system, which is currently operating near the maximum
limit, will probably be useless if the predicted scenarios
take place, especially during summer peak loads. There-
fore, management plans have to be prepared for each
possible scenario.

The NPKLM regional water supply system which con-
nects Mljet to the mainland via submarine pipeline is
currently being put into operation. The process will take
years and presented water supply from the island’s own
resources will have to remain active. Even afterwards,
these quantities should not be neglected and should stay
operational. Water in NPKLM comes from a strong karst
spring on the mainland, with minimal discharges of
3 m®/s and maximal above 10 m’/s. Quantities used for water
supply are approximately ten times lower than minimal dis-
charges, so the supply can be considered secure. Still, this
water has slightly increased sulphate anion concentrations
as a result of the dissolution of gypsum and anhydrite rocks
in its catchment area outside of the Croatian territory. Trans-
boundary management of this large karst catchment area is
still being established and is a topic of hydrogeological and
geological investigations.

In the context of observed behaviour of the hydrogeo-
logical system of the island of Mljet and the predictions
for both the narrower Adriatic and wider Mediterranean
region, long-term sustainable water supply must be ensured
taking into account the water demand, existing desalination
practices, and connection of water supply system to the
mainland, as well as the water availability in the context of
climate change.
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The proposed work concerns the application of a deep geoelectrical survey to a carbonate aquifer in order to define the best location
for exploitation well drilling for increasing water supply. However, an optimal characterization of a groundwater resource is the
necessary condition to reach the indicated aim. Therefore, the geoelectrical investigation was guided from the previous
geological and hydrogeological characterization. Moreover, geophysical methods are good tools to improve the groundwater
model when detailed information is necessary, such as the localization of a pumping well. The work summarizes the
hydrogeological knowledge at the West of the Basilicata Region (Muro Lucano, Italy). The investigated area is characterized by
the presence of a karst aquifer which is made up of a carbonate ridge (Castelgrande, Muro Lucano) that tectonically dips
southward and is widely covered by Pliocene deposits (sands and conglomerates), by the Irpinian unit and Sicilide unit
formations, and by debris slope and landslide deposits. The assessment of the complex hydrogeological framework of the area
was detailed by the use of a new multichannel deep geoelectrical technique (DERT). In details, the proposed technique was able
to successfully locate a less resistive zone connected to a more fractured limestone and then it was suitable for the localization of
a groundwater exploitation well.

1. Introduction (ii) Anisotropy: the aquifer hydraulic properties depend

on the orientation of geologic fabric elements
Hundreds of millions of people worldwide live in karst areas (the hydraulic conductivity is typically high in
and are supplied by drinking water from karst aquifers. In the direction of large fractures and conduits, but
particular, the karst aquifer map of Europe shows that may be low in other directions)

21.6% of the European land surface is characterized by the
presence of (continuous or discontinuous) carbonate rocks;
about 13.8% of the land surface is carbonate rock outcrop
[1, 2]. Karst carbonate aquifers play an extremely important
role in water supply, irrigation, and power generation due
to the exceptional water quality and quantity. At the same
time, they are a very vulnerable and dynamic system due to

(iii) Duality of porosity and flow: there are two or even
three types of porosity in karst aquifers (rock matrix,
fracture, and conduit porosity), whereas groundwa-
ter flow in the matrix and small fissures is typically
slow and laminar and flow in karst conduits (caves)
is often fast and turbulent

their peculiar features [3]: (iv) Variability: at karst springs, discharge variations by
factors of 10 to 100 within hours or days are
(i) Heterogeneity: the properties of karst aquifers common, and karst springs typically show also rapid

greatly vary in space variations of water quality
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In particular, the geological structures and the local
lithological variations play an important role in karst sys-
tem, where various depositional and diagenetic processes
and fracture distribution can produce a wide range of
conduit size. These features make a karst aquifer very
complex, so for these reasons, they require increased pro-
tection and application of innovative methodologies for
their investigation.

For these reasons, in recent years, the use of geophysical
investigations in karst regions has increased rapidly with
the aim of (i) giving more detailed information on under-
ground karst morphology characteristics (detecting and
characterizing caves and fractures) and (ii) understanding
karst hydrogeological functioning, as a support to hydrogeo-
chemical information [4, 5]. These techniques have the
advantage of greater spatial resolution, lower costs, simpler
field procedures, and more rapid inversion and interpreta-
tion of data [6].

To date, the geophysical methods most used in a karst
environment are geoelectrical, electromagnetic, gravimetric,
and seismic [5, 7-9]. Seismic methods are the most suitable
to delineate geological boundaries and the external geometry
of the aquifer. Gravity can be used to identify large voids,
such as potential sinkholes, as well as caves and major karst
conduits [9-15]. Moreover, geoelectrical and electromagnetic
methods, by determining lateral and vertical variations in
subsurface electrical resistivity, are useful to identify geologi-
cal and hydrogeological features, such as caves, fractures, and
sinkholes, and are particularly sensitive to the presence of
subsurface water [16-21].

In particular, the use of electrical resistivity tomography
(ERT) for karst system exploration has considerably
increased in the last 10 years [5, 8, 9, 20, 22-25]. The strength
of such methods resides in their effectiveness to track changes
in the electrical properties of the subsurface, reflecting petro-
physical and hydrologic property variations such as porosity,
hydraulic conductivity, fluid content, temperature, presence
of clay, salinity, presence of contaminants, and biodegrada-
tion activity [26-33]. For these reasons, electrical resistivity
surveys are the best known geophysical techniques in
hydrogeological context for groundwater characterization
and monitoring.

For porous media fully saturated by brine, Archie [34]
proposed a simple correlation between bulk resistivity and
pore resistivity depending on formation factor F=¢™™,
where ¢ is the porosity and m is the cementation exponent.
The validity of Archie’s equation was verified in many papers
([34, 35]; Wyllie, 1960; [6, 36-39]). However, many mea-
surements showing a poor fit with Archie’s equation have
been reported, especially in the case of carbonate rocks
characterized by primary, secondary (fractures and faults),
and conduit porosity [40].

Fracture geometric characteristics such as fracture inten-
sity, fracture network connectivity, and aperture distribution
are crucial features controlling the hydraulic and geotechni-
cal properties of rock formations. In particular, Kirkby et al.
[41] and Roubinet et al. [42] explore the relationship between
electrical resistivity and permeability in a fracture filled with
an electrically conductive fluid by accurately modeling of
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fracture opening. They found that at small apertures, electri-
cal conductivity and permeability increased moderately
while, at the percolation threshold, defined in terms of the
matrix to fracture resistivity ratio, for fracture networks
surrounded by a low-porosity matrix, very small changes in
aperture are associated with large changes in both the
conductivity and permeability of the fracture. The position
of this threshold depends on the rock and fluid resistivity
and properties of the fracture. Therefore, small changes in
the fracture network characteristics may be leading to large
changes in both the rock resistivity and the permeability.

In order to increase resolution for deeper target, Deep
Electrical Resistivity Tomography (DERT) approach (inves-
tigation depth > 200 m) can be used. It was described for the
first time by Hallof [43], which was able to reach an investi-
gation depth greater than 200 m, and consists in the use of
physically separated tools between the injection system and
the measured drop of a potential tool. Even if the Deep
Electrical Resistivity Tomography (DERT) method is consid-
ered a geophysical approach for deep groundwater studies, it
is not a common system for a deep hydrogeological target
(>200m). In fact, only few examples are reported in the
literature [44-52].

Usually, in order to obtain the electrical resistivity distri-
bution of a deep target, the magnetotelluric (MT) and control
source audio magnetotelluric (CSAMT) are the most used
electromagnetic methods, but due to their low resolution,
their aim is usually connected with deeper geological target,
such as tectonic faults, crustal studies, and geothermal and
oil reservoir detection [53, 54].

In this paper, we focus our attention on the analysis of
hydrogeological and electrical resistivity data, acquired by a
new deep ERT (DERT) system, to have an image of Muro
Lucano Mounts buried hydrogeological structures and to
understand the deep water circulation system. The definition
of the resistivity distribution allowed us to obtain important
information on the hydrogeological characteristic of the
deep aquifer.

2. Geological Setting

The carbonate aquifer of Muro Lucano is located in the
NW of Potenza district (Basilicata region) and in the NE
portion of the Marzano-Ogna carbonate massif in the cen-
tral sector of Southern Apennines thrust-and-fold belt,
between Basilicata and Campania regions (Figure 1). The
investigated zone covers an area of about 40km’ and
some sectors are characterized by outcropped carbonate
(Castelgrande-Muro Lucano ridge). The mean elevation is
870 m.a.s.l, and the morphological setting shows a typical
tectonic valley extended in the NW-SE direction.
Southern Apennines are a NW-SE trending chain formed
between the upper Oligocene and Quaternary [55] as a
response to convergence between the African plate and the
European and contemporary retreat towards the SE of the
ionic subduction [56, 57]. Since the Middle Miocene, com-
pressional deformation was responsible for the building up
of a pile of rootless nappe. Mesozoic carbonates of the West-
ern carbonate platform overthrust coeval pelagic sequences



Geofluids

Tyrrhenian Sea

Adriatic
Sea

Basilicata

FIGURE 1: Localization of the investigation site.

of the Lagonegro basin, which in turn overlays tectonically
deeply deformed Mio-Pliocene foredeep deposits [58].
Liguride-Sicilide units, from a basin domain located west of
the Western carbonate platform, systematically overly both
the carbonates and the Lagonegro units.

This stack of thrust sheets overthrusts with an overall
E-vergence shelf limestones of the Apulia platform up to
7km thick that underwent thick-skinned tectonics during
Late Pliocene to Early Pleistocene times [59]. The detach-
ment between the allochthon and the buried Apulian unit
is marked by a mélange zone, generally several hundreds
of meters thick and locally exceeding a kilometre in
thickness [58].

In the nearest of the studied area, the complex
thrust-and-fold system has been deeply explored by the
commercial seismic reflection profile CROP 04 [60, 61]
and two deep wells (San Gregorio Magno and San Fele).
In particular, the Muro Lucano carbonate massif develops
in the Meso-Cenozoic carbonate substratum of the Mt.
Marzano-Maddalena Mounts unit (Apennines platform)
overthrusted over Lagonegro unit terrain (Figure 2). The
unit is formed by a powerful limestone dolomite succession
of approximately 2000 m, aged between the Late Triassic
and Early Eocene [62]. In the studied area, the carbonate
succession is represented mainly by the Jurassic limestones
and dolomitic limestones and by Cretaceous calcarenites,
calcirudites, and carbonate breccias, which indicate that the
sedimentation occurred at an escarpment that connected
the Apennines platform with the Lagonegro basin [61].
Lagonegro II unit outcrops in the northeastern sector
(Figure 2) constituted of middle Triassic to lower Cretaceous
basin marine deposits with abundant shallow water-derived
carbonate material (siliceous schists, galestrino flysch, and
red flysch). Sicilide units (blue-gray clays) are localized in
the W, and Irpinian units [63] are instead defined in the
N and W and in the S between Monticello and Paratiello
mountains (Figure 2).

In particular, Irpinian units are represented by calcare-
nites and limestones alternated to small layers of green and
yellow clays and they were deposited from Burdigalian to
Tortonian in a basin called the Irpinian basin, a wide
Miocene Apennines chain foredeep. Finally, the syntectonic
unit of the Muro Lucano basin (sand and polygenic

conglomerates of lower Pliocene) covers the previous units
by an unconformity. It is constituted mainly by sands and
sandstone of medium to lower Pliocene. In the NE zone,
the carbonate rocks generated debris slope deposits with
huge thickness and extension.

The Monte Marzano-Ogna carbonate massif is bounded
at south-west by high-angle N120°-trending left-lateral
strike-slip faults and low-angle E-trending, N-dipping nor-
mal faults [64]. Some of these faults are active and reflect
the present day extensional tectonic field responsible for the
1980 Irpinian earthquake and of other strong historical
earthquakes, with epicentral intensity between IX and XI
MCS, such as those of 990, 1561, 1694, and 1857 ([64] and
references therein). Finally, the northern sector the carbonate
massif is bounded by a low-angle thrust fault where the
carbonate units overlay Lagonegro terrains.

In particular, the Muro Lucano carbonate massif shows a
lens shape, which is extended 14km in the E-W direction.
According to Scandone et al. [60] and Scrocca et al. [61],
the outcropping carbonate is constituted by undifferentiated
Apennines platform terrains (chaotic complex) characterized
by highly fractured and tectonized (cataclasites) limestones;
it is partially buried by Muro Lucano basin units (sand-clay
and conglomerates) and is bounded by two low-angle thrust
faults. The structural survey of the main systems of fractures
of the rock massif at the north of the Muro Lucano town
highlighted the prevalence of high-angle N 30-50° and N
160-170" systems and subordinated the presence of other
systems, among which is the N 90°. In several points,
fractures are open to some tens of centimeters [65].

The eastern part of the carbonate structure is character-
ized by gravitational phenomena caused by neotectonic
movements along active faults. Some of these, generally
rockfalls, are associated to historical earthquakes (1561,
1857, and 1980) described above [66].

3. Methodology: Deep Electrical Resistivity
Tomography (DERT)

The electrical resistivity tomography is largely applied in
small-scale investigations to solve environmental and engi-
neering problems. Recently, the improvements in the field
technology and data processing allow us to apply this method
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in the large-scale investigations for geological structural
studies [44, 45, 48-50]. In order to define the best location
for deep drilling exploration well for having a low ratio
between the economic effort and water pumping capacity, a
Deep Electrical Resistivity Tomography was carried out in
the investigated area (Figure 2).

It was used as a dipole-dipole array configuration, where
the electric current (I) is sent into the ground via two contig-
uous electrodes x meters apart (200 m), and the potential
drop (AV) is measured between two other electrodes x
meters apart in line with the current electrodes (200m).

The spacing between the nearest current and potential
electrodes is an integer n times the basic distance x and the
maximum number of measurements n depending from the
signal-to-noise-ratio of the voltage recordings [67]. In this
way, the electrode array geometry allows us to obtain a length
of the deep electrical survey of 2600 m, with an exploration
depth of about 350 m. The acquisition system (a prototype
system built in the Hydrogeosite Laboratory of CNR-IMAA,
Figure 3) consists of a transmitting station which injects the
current (5-10 amperes) into the ground and a new multi-
channel receiver device which records the generated voltage
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signals (mV). The receiving system is composed of 4 remote
multichannel data loggers connected with a radio communi-
cation system to a personal computer. Therefore, at the
same time, 8 voltage recordings from 5 to 20min were
acquired for each current injection related to different
positions of the electrodes along the profile. Overall, we
collected 56 voltage recordings.

The second step consisted in the extraction of the useful
signal from voltage recordings to calculate the apparent
resistivity values. In fact, in deep geoelectrical explorations,
a crucial task is the extraction of useful signal from voltage
recordings, taking into account that the signal-to-noise ratio
depends on the distance between the current emitters and
receivers. However, the quality of the signal also depends
on the spacing between electrodes, worsening as the receiving
dipole moves away from the energizing one. The distribution
of electrical conductivity in the soil also affects the quality of
the signal; in fact, in highly conductive areas, located between
the transmitting and receiving dipoles, the electric potential
is strongly masked to such an extent that the signal is
completely erased from the background noise. Therefore,
the success of the methodology is related to the duration of
voltage recordings.

For the elaboration of acquired data, we used OriginPro
software (OriginLab Corporation) where graphing and data
analysis tools were used. The first step of the voltage data
analysis was the spike removing, which consists to delete
the spikes on the active graph window. The second step was
the detrending analysis, which consisted in a polynomial or
linear fit of the voltage data and a subsequently detrend
approach, in order to remove the natural trend that envel-
oped the data. Successively, a FFT tool was performed to
the detrending voltage data. The amplitude of the FFT results
in the frequency of the acquired signal defines the amount of
the drop of potential. A good signal-to-noise ratio, in the FFT
spectrum of signal amplitudes, produces a peak right at the

energization frequency (which in our case was equal to
0.025Hz). On the contrary, the spectrum of particularly
noisy voltage signals presented a series of “spikes” that make
the identification of the useful signal much more complex. At
the end of the data analysis steps, the estimated voltage (AV),
the injected current (I), and the position of each quadripole
(geometric coefficient) permitted us to calculate the apparent
resistivity (p,) by the Hannenson formula:

pu=lmantn + 1)+ 2] (), 1)

where a is the electrode distance (200m in this investi-
gation) and n is the pseudodepth level (max n=7 in
this investigation).

Resistivity measurements are associated with varying
depths depending on the separation of the current and
potential electrodes in the survey and can be interpreted in
terms of a lithological and/or geohydrological model of the
subsurface. Measured data are the apparent resistivity
because the resistivity values measured are averages over
the total current path length but are plotted at one depth
point for each potential electrode pair (Figure 4). Two-
dimensional images of the subsurface apparent resistivity
variation are called pseudosections. Data plotted in cross-
section is a simplistic representation of actual, complex
current flow paths. Inversion software then helps to interpret
geoelectrical data in terms of more accurate earth models.
The inversion and optimization processes of the recorded
values along the long longitudinal profile were executed by
means of the ZondRes2D software (Zond geophysical soft-
ware). It is a computer program for 2.5D interpretation of
electrical resistivity tomography, and the finite-element
method as the mathematical apparatus is used to solve a
forward and inverse procedure. The first step was to prepare
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the data for the inversion, such as poor data detection. The
next step was to select the inversion type and parameters.
In order to transform the apparent resistivity pseudosection
into a model representing the distribution of calculated elec-
trical resistivity in the subsurface, we used the smoothness
constrained that is an inversion by a least-square method
with the use of a smoothing operator. The inversion type
was the Marquardt classic inversion algorithm consisted in
a least-square method with regularization by a damping
parameter [68]. In case of little quantity of section parame-
ters, this algorithm allows receiving a contrast subsurface
model. In order to follow the inversion algorithm, the data
set was inverted by using a 100*Y m?* cell size, where Y is
the vertical dimension which is a variable from 20 m and an
increase factor of 1.10 for 13 levels. The starting homoge-
neous model was with an apparent resistivity of 100 Qm,
and the final RMS was 12.8%.

4. Results and Discussions

Figure 5 shows the resistivity distribution, where a resistivity
range from 50 Qm to more than 2000 Qm is defined. In the
resistivity image, it is possible to distinguish some main
electrical layers. A shallow resistivity layer (>800Qm) is
recognizable from about 900m and 2000m of horizontal
displacement from the origin up to the end of the profile.
This electrolayer has a different thickness of around 100 m
maximum. Under the shallow resistivity layer, it is possible
to distinguish a relative conductive zone until 100 m.a.s.l.
(<200 Qim). This electrolayer is located above a deep resis-
tivity layer (>800 Qm) which is well highlighted along the
whole tomography up to 100 m.a.s.l, and it is outcropped
on the NE flank.

The not easy geological interpretation of the geophysical
results reflects the complex geological setting of the inves-
tigated area characterized by the superimposition of dif-
ferent tectonic phases. Generally, the DERT image is
characterized by relative resistive electrical values that
can be associated to the carbonate formation (high resistiv-
ity). Moreover, a detailed qualitative analysis of the resistivity
tomography highlights some hydrogeological features, just
due to the strong correlation between the fluid in the
fractures and the electrical resistivity. The relatively high
resistive zone (shallow and deep) should be characterized

by a nonsaturated carbonate, while the medium electrolayer,
characterized by relatively low resistive values (<200 Qm)
should be associated to a saturated carbonate, due to a differ-
ent fracturing degree. Lateral resistivity contrast is probably
marked by tectonic contact.

A first geophysical and hydrogeological analysis sug-
gested a high potential for exploiting the Muro Lucano
carbonate aquifer. In particular, from a hydrogeological
point of view, all the edges of the studied carbonates are
boarded by faults and are plugged by Sicilide and Irpinian
units characterized by low to medium hydraulic conductivity
material. On the contrary, Muro Lucano and Monte Mar-
zano carbonate massifs are characterized by a high perme-
ability degree linked to an intense fracture network and
karst features, such as sinkholes and caves, as testified by
the presence, in the southern sector, of a karst system of
active caves with a total length of more than 1500 m. Finally,
the Muro Lucano unit terrain is characterized by medium to
high permeability degree.

Moreover, it is possible to speculate two main groundwa-
ter flows: a very shallow one and a deeper one. The shallow
water circulation is imposed in the Pliocene sands and
conglomerates and is indicated by several springs and by
the presence of several saturated shallow ground zones. A
water capacity of about 20-301/s was estimated (data from
the Water Protection Plan of Basilicata Region). On the
contrary, the studied carbonate structure is lacking in
basal springs and meteorological precipitations (with an
average annual value of 907mm recorded in the 2000-
2004 period) do not produce a considerable increment of
the discharge in the basal rivers (Forra di Muro river,
etc.). Therefore, it is possible to consider the presence of
a deep water circulation.

A lack of detailed knowledge on Muro Lucano buried
aquifer characteristics, identification of areas with high
recharge potential, dominant fracture and/or conduit poros-
ity zones, and well-defined geological boundary conditions
can hamper the ability to exploit the groundwater resources.
However, taking into account the geophysical results and
the most favorable topographic position, it was possible
to localize the best site of an exploration well for water
supply research.

In particular, the well was installed along the geoelectrical
profile at 1100 m of horizontal displacement from the origin
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up to the end of the profile, between the electrodes S7 and S8.
The well, with a depth of 280 m from the surface, allowed us
to reconstruct the lithological succession along it (well log in
Figure 6). In particular, we found a very thick alluvial deposit
layer (10 m), a shallow clay layer (30 m tick) of Sicilide unit, a

60 m thick layer of Miocene limestones and clays (Irpinian
units), and a thick carbonate succession (from 100m to
280m) characterized by a different fracturing degree.
Moreover, the water table was at 150 m from the surface, in
correspondence of the more fractured carbonate layer. The
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aquifer was in pressure, and after the drilling, the water table
reached 120 m from the surface. This phenomenon proved
the heterogeneity of the carbonate rock fracture state.
Figure 7 shows a comparison between the deep electrical
resistivity image and the well geological data. It is very
interesting to notice that rocks characterized by a lower
permeability degree (Sicilide unit clays and massive lime-
stones) are generally associated to higher resistivity values.
Moreover, carbonate rocks on the top and deep define an
electrical resistivity range with high values (>800 Qm).

In contrast, the carbonate rock with an important
fractured state is highlighted in the DERT image with
resistivity values <200 Qm. According to Kirkby et al.
[41], this reflects a decrease in the contribution of the
rock matrix resistivity to the passage of current. As fractur-
ing increases, less current passes through the matrix, and
therefore, the measured bulk resistivity is more strongly
controlled by the fracture network and then by the water
resistivity value.

Moreover, the deep groundwater level is localized in
correspondence of a relatively deeper conductivity area.
Therefore, it is possible to define that the NE shallow con-
ductivity zone is represented by limestone formation with
a high level of fractures; on the contrary, the southern
limestones have relatively higher resistivity values due to
low fracturing level.

Finally, DERT results allow us also to define the deep
hydraulic aquifer recharge areas: there is a clear hydraulic
connection between the shallower and the deep aquifers in
both the N and SE where Pliocene sands and gravel represent
a further recharge area of the deep aquifer. However, the deep
aquifer is mainly fed by rainwater by outcropping carbonate
at the N, with a groundwater flowing in the S-SW direction.
In contrast, it seems that there is no hydraulic connection
between the southern carbonate massif and the deep Muro
Lucano aquifer. This deep water circulation is probably
influenced by the local tectonic setting.

5. Conclusions

This work shows a useful case study for identifying deep
aquifers in carbonate terrains and individuates the best place
where to drill a well by using Deep Electrical Resistivity
Tomography (DERT). In particular, the exploitation of the
Muro Lucano deep aquifer was hampered by the complex
geological and hydrogeological situation and by the lack of
detailed data. Moreover, the geophysical survey provided
more detailed information on buried geological features,
aquifer characteristics, deep aquifer recharge zones, and
probably conduit and fracture porosity zones along the
DERT profile. In particular, the hydrogeological and geo-
physical analyses describe a high water yield and a not so
deep hydrogeological structure which should be tapped to
provide the W sector of the Basilicata region with a huge
quantity of water. Moreover, DERT allows us to individuate
low resistivity zones that are probably linked to higher
permeability hydrogeological units. Finally, from geophysical
data, it was shown that the studied hydrogeological structure
has a deep and shallow water circulation system connected
between them and probably influenced by the local tectonic
setting. The future hydrogeological balance will help us
to quantify in detail the groundwater resource potentiality
for exploitation.

Finally, some general considerations have to be in
account. The geological structure, aquifer properties, and
groundwater heads are obtained from point measurements
(wells and pumping tests) which are sparse, usually available
at locations far apart, distances ranging from hundreds to
thousands of meters. However, this kind of information in
complex aquifers can lead to errors in the conceptual
understanding of the aquifer when it is necessary to define
the position of an exploitation well. Therefore, the definition
of the best site, in terms of maximum efficiency, became a
crucial point in the water exploitation. This work would like
to show how the ability to make the best geophysical
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investigation in order to reach the described aims is a crucial
point for the geophysicist’s community. Therefore, this kind
of work highlights how the obtained results from a
not-common deep electrical resistivity survey (DERT),
properly integrated with the geological information, could
give a strong information to define the best position of an
exploitation well. Moreover, looking the amount of economic
resources at stake, a DERT cost is only the 5% of the total
amount for a single well.
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