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ARTICLE INFO ABSTRACT

Keywords: The Mediterranean region is a water-stressed environment where groundwater, as main water source, is under a
Mediterranean lot of anthropogenic pressure. This study aims to evaluate the baseline hydrogeochemical characteristics and
Hydrogeochemistry water quality of groundwater in the region. For this purpose, 123 hydrogeochemical studies conducted in the
i‘:}:s;zn area were examined. Information concerning the studies and concentrations of major, minor ions and isotopes

were extracted. The data was divided into 3 major aquifers types: Quaternary, Jurassic and Cretaceous, and
Tertiary. The data was analyzed qualitatively to identify the major topics of research and quantitatively using
classical hydrogeochemical methods and multivariate analysis. The results show a disparity in the distribution of
study topics across the region with minor ions and isotopes studies mostly concentrated in Europe. Moreover, the
dominant hydro-chemical facies are Ca—Cl and Na-Cl in the Quaternary, Ca-HCO3 and mixed in the Jurassic and
Cretaceous and Ca-HCO3 dominate the Tertiary aquifers. Furthermore, the major water forming process is the
evaporation in the Quaternary and Tertiary aquifers, and rock-water interaction in the Jurassic and Cretaceous
aquifers. Finally, nitrate pollution is found in 29% of aquifers while 15.3% of aquifers with minor ions data show
high concentrations of at least one minor ion. The majority of aquifers with pollution problems are Quaternary.
Indeed, these aquifers are highly affected by anthropogenic impact and seawater intrusion. Finally, this work is a
preliminary assessment of groundwater characteristics in the region. Further works are needed to investigate
specific aspects of Mediterranean region aquifers’ groundwater hydrogeochemistry.

1. Introduction

The Mediterranean region is characterized by high temporal and
spatial variability of water resources availability. This is mainly due to
the dry summer’s climate characteristic of the region, but also to dis-
crepancies in the geographical distribution of water resources, and in the
concentration of urban settlements along the coastlines of the area.
Hence, water is a vulnerable and scarce resource in many areas across
the region. This fact has resulted in an increase pressure on groundwater
as a more stable source of water (Leduc et al., 2017). However, with the
current rate of exploitation, combined with increasing demographic
pressure especially in the coastal areas (Bakalowicz, 2018) and climate
change impact, many countries around the Mediterranean will face
water shortage problems in the upcoming years (Tramblay et al., 2020).
Indeed, plan Bleu (2006) projected that by 2025, water per capita per

year will decrease to less than 1000 m® in Egypt, Lebanon, Morocco,
Syria and Turkey (Plan Bleu, 2006). Besides the decreasing quantities,
groundwater quality in the region is also under a lot of pressure due
mainly to anthropogenic impact (Kelepertsis, 2000; Siegel, 2002; Sta-
matis et al., 2001; Sullivan et al., 2005), especially on the coastal zones.
For instance, many shallow aquifers could be affected by nitrate pollu-
tion due to the high agricultural activities accompanied by aggressive
fertilization (Boumaiza et al., 2020; Dimopoulos et al., 2003; Weil et al.,
1990). Moreover, the overexploitation is already affecting coastal
aquifers with seawater intrusion (Alcala and Custodio, 2008; Cary et al.,
2014; Dazy et al., 1997; Mongelli et al., 2013). Furthermore, the infil-
tration of leachate from the municipal solid waste, collected in unreg-
ulated landfills, leads to the deterioration of groundwater quality
(Castaneda et al., 2012; Christensen et al., 2001; Samadder et al., 2017).

All these challenges make hydrogeochemical studies a hot topic of
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research in the Mediterranean (Mongelli et al., 2019; Voutsis et al.,
2015). Indeed, such studies are a key step to understand Mediterranean
groundwater’s chemistry in order to identify the natural and anthro-
pogenic processes affecting its formation and quality (Asmael et al.,
2014; Djebebe-Ndjiguim et al., 2013) and to identify pollution sources
and extent (Corniello and Ducci, 2014). Furthermore, the evolution of
knowledge will lead to a better understanding, and as a result, better
management strategies for a sustainable exploitation of groundwater
resources (Bourg and Richard-Raymond, 1994).

Nevertheless, even though hydrogeochemical studies in the Medi-
terranean are quite abundant. These studies are, most of the time,
confined to a single aquifer or geographical location. Comparative
studies that compare groundwater hydrogeochemical characteristics
from various aquifers across the Mediterranean are scarce or focus on a
specific aspect of the geochemical processes such as seawater intrusion
(Telahigue et al., 2020). Thus, this work objective is to present an
overview of the Mediterranean groundwater hydrogeochemical char-
acteristics. For this purpose, 123 studies (Fig. 1) undertaken from
various countries across the Mediterranean, were analyzed. The authors
aim to answer the following questions:

e What are the main concerns that drive hydrogeochemical studies in
the Mediterranean?

e What are the physico-chemical characteristics of groundwater in the
Mediterranean?

e What are the general hydrogeochemical characteristics of ground-
water in the Mediterranean region?

e What geochemical processes influence the water chemistry of the
Mediterranean region’s aquifers?

e What is the extent of nitrate and minor ions pollution in the
Mediterranean?

e What can we learn from stables isotopes studies in the
Mediterranean?

2. The mediterranean region
2.1. Boundary of the mediterranean region

Defining the boundary of the Mediterranean region is not an easy
task and there is no worldwide consensus on the actual extent of this
region (Hooke, 2006). Multiple definitions that define the Mediterra-
nean region according to various characteristics exist in the literature.
These can be related to climatic classification, hydrological classifica-
tion, bio-climatic classification or administrative one (Merheb et al.,
2016). Each of these classifications omits or add areas that are or are not
generally considered Mediterranean. As an example, the climatic defi-
nition will totally exclude Egypt and the majority of Lybia and part of
Southeastern Spain from the Mediterranean region, while adding re-
gions further inland in the Middle East. Moreover, the hydrologic
boundary will exclude areas that have typical Mediterranean climate
characteristics such as Portugal and western Morocco. This is why, for
the sake of this article, the boundary of the Mediterranean region was set
as a combination of both climatic and hydrologic limits. The extent of
the Mediterranean region as defined for the sake of this study is pre-
sented in Fig. 1.

2.2. Physical characteristics

The Mediterranean Sea occupy a surface equal to 2.5 million km?
approximately, with a coastal area covering almost 1.5 million km?
(Selenica, n.d.).

The region represents variable topography, from the high mountains,
to the sandy beaches, and rocky shores, impenetrable scrub, coastal
wetlands, myriad islands (Sundseth, 2000). While its climate is known
for its hot dry summers and humid winters accompanied with heavy
seasonal rain which are considered the main characteristics of the
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Mediterranean region climate (European Union, n.d.). Sometimes the
seasonal rainfall accompanied with high evaporation leads to a pre-
dominant shortage in water. This observation was detected particularly
in North African countries located in the southern part of the Mediter-
ranean region (Selenica, n.d.). While the Mediterranean region is also
characterized by a high biodiversity and could be considered one of the
richest in the world (Vlachogianni et al., 2012). In fact, the Mediterra-
nean basin occupies the third place of the most concentrated and richest
regions in terms of its vegetation, where approximately 25,000 species
can be found with more than 13,000 endemic species; which can be
found exclusively in this area (CEPF, 2017).

2.3. Geology and hydrogeology

The Mediterranean basin was formed during the Tertiary and Qua-
ternary due to the northward movement of the African and Arabian
plates (Bakalowicz, 2015). In addition, the Alpine belt and
high-elevation mountains surrounding the basin were shaped after
intense tectonic activity due to the plates movement (Moores and Fair-
bridge, 1997). The mountains ranges surrounding the Mediterranean
basin along with a complex geological structure has prevented the
development of large aquifer systems (Aureli et al., 2008). The majority
of the Mediterranean region’s aquifers are small to medium sized sedi-
mentary aquifers (Leduc et al., 2016). Among these are karstic carbon-
ates aquifers which are common all around the region (Bakalowicz,
2014). The development of this local karst occurred during the late
Jurassic, early Cretaceous, and Oligocene and since the end of the
Miocene, and was attributed to the emersion periods (Bosak et al.,
2015). In fact, the geological evidence points to the important role of the
Messinian Salinity Crisis (MCS) in shaping the fluvial and karst land-
scapes well below the sea level (Clauzon, 1982; Rouchy et al., 2006).
These karstic groundwater reservoirs that can form high altitude springs
or coastal and even submarine springs tend to have uneven flow and
volume (Bakalowicz, 2015). Another major type of sedimentary aquifers
in the region is alluvial aquifers. These are generally associated with
rivers valleys and deltas, but also coastal aquifers located in coastal
plains and with direct contact with the sea (Aureli et al., 2008). Volcanic
and crystalline aquifers also exist in the Mediterranean region. However,
these are small scale local aquifers, mostly located on volcanic islands
(Leduc et al., 2017).

3. Materials and methods
3.1. Description of the dataset

The collected data was extracted from 123 articles conducted from
2000 till 2019 (Fig. 1). These studies focus on the following Mediter-
ranean countries: Algeria (9 articles) (Aouidane and Belhamra, 2017;
Belfar et al., 2017; Bettahar et al., 2017; Bouderbala and Gharbi, 2017;
Bouderbala et al., 2016; Chemseddine et al., 2015; Belkhiri and Mouni,
2014, 2012; Fehdi et al., 2009), Croatia (1) (Terzic et al., 2007), Cyprus
(2) (Milnes, 2011; Neal and Shand, 2002), Egypt (5) (Eissa et al., 2018;
Salem and Osman, 2017; Salem et al., 2017; Eissa et al., 2016; Gomaah
et al., 2016), France (8) (Santoni et al., 2016; Maréchal et al., 2014;
Bicalho et al., 2010; Charmoille et al., 2009; De Montety et al., 2008;
Huneau and Blavoux, 2000; Bourg and Richard-Raymond, 1994; Bosch
et al., 1986), Greece (4) (Filippidis et al., 2016; Tziritis et al., 2016;
Voutsis et al., 2015; Skordas et al., 2013), Italy (15) (Biddau et al., 2019;
Preziosi et al., 2019; Allocca et al., 2018; Busico et al., 2018; De Caro
et al., 2017; Critelli et al., 2015; Corniello and Ducci, 2014; Pierotti
et al., 2013; Brozzo et al., 2011; Giménez-Forcada et al., 2010; Ghiglieri
et al., 2009; Cucchi et al., 2008; Manno et al., 2007; Barbieri and
Morotti, 2003; Capaccioni et al., 2001), Lebanon (25) (Chaza et al.,
2018; Hanna et al., 2018; Khadra and Stuyfzand, 2018; Khadra et al.,
2017; Samad et al., 2017; Assaker, 2016; Kalaoun et al., 2016; Koeniger
et al., 2016; Bakalowicz, 2015; Youssef et al., 2015; Bakalowicz, 2014;
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Khadra and Stuyfzand, 2014; Daou et al., 2013; Saadeh et al., 2012;
Awad, 2011; Assaf and Saadeh, 2009; Bakalowicz et al., 2008, 2007;
Korfali and Jurdi, 2007; El Moujabber et al., 2006; El Hakim, 2005;
Metni et al., 2004; Acra and Ayoub, 2001; Ghannam et al., 1998; Lab-
abidi et al., 1987), Libya (2) (Alfarrah et al., 2016; Sadeg and Kar-
ahanodlu, 2001), Morocco (6) (Chafouq et al., 2018; Mountadar et al.,
2018; Karroum et al., 2017; Re et al., 2014, 2013; De Jong et al., 2008),
Palestine (7) (Abu-alnaeem et al., 2018; Jebreen et al., 2018; Aliewi and
Al-Khatib, 2015; Jabal et al., 2015; Da’as and Walraevens, 2013; Qah-
man and Larabi, 2006; Al-Agha, 2005), Portugal (8) (Freitas et al., 2019;
Carreira et al., 2017; Marques et al., 2017; Barroso et al., 2015; Andrade
and Stigter, 2011; Carreira et al., 2011; Fernandes et al., 2006; Van der
Weijden and Pacheco, 2006), Spain (15) (Argamasilla et al., 2017;
Merchan et al., 2015; Vallejos et al., 2015; Merchan et al., 2014; Moli-
na-Navarro et al., 2014; Acero et al., 2013; Daniele et al., 2013;
Gonzalez-Ramon et al., 2012; Hidalgo et al., 2010; Lentini et al., 2009;
Giménez Forcada and Morell Evangelista, 2008; Navarro and Carbonell,
2007; Gomez et al., 2006; Lopez-Chicano et al., 2001; Pulido-Bosch
et al., 1995), Syria (2) (Abou Zakhem, 2016; Abo and Merkel, 2015),
Tunisia (10) (Hamdi et al., 2018; Mejri et al., 2018; Telahigue et al.,
2018; Houatmia et al., 2016; Ben Cheikh et al., 2014; Farid et al., 2013;
Hamed and Dhahri, 2013; Moussa et al., 2012; Hamzaoui-Azaza et al.,
2011; Zghibi et al., 2014) and Turkey (4) (Varol and Sekerci, 2018;
Somay, 2016; Tayfur et al., 2008; Demirel and Giiler, 2006). For each
study the key information that was systematically collected and
analyzed include:

(1) Aquifer location (reference, study area, and coordinates)

(2) Study objective

(3) Aquifer characteristics including climate, land cover, geological
and hydrogeological settings
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(4) Sampling date, strategy and number of samples

(5) Methods of analysis

(6) Main results

(7) Samples physical characteristics including pH, temperature,
electrical conductivity (EC) and total dissolved solids (TDS).

(8) Major ions concentrations including the concentrations of cal-
cium, magnesium, sodium, potassium, bicarbonate, sulfate,
chloride and nitrate

(9) Minor ions concentrations including — but not limited to-the
concentrations of manganese, silicate, iron, strontium, bromide,
fluoride, lithium, etc

(10) Isotopes concentrations

It should be mentioned here, that not all studied articles contain data
about all the aforementioned collected physico-chemical parameters.
Fig. 1 shows the spatial distribution of the articles used in this work. It
also identifies the types of data available in each study. More details
about each article, along with the reference, country, study area, and
sampling dates, the available physico-chemical data collected and used
in this work are available in Appendix 1. Thirty-five articles contain
detailed information on all physical characteristics, 84 articles include
the major ions data of 92 aquifers, 38 articles contain data on various
minor ions concentrations and only 16 articles contain data on the iso-
topes. From a geographical perspective, the data was organized in 3
main regions: North Africa (Algeria, Egypt, Libya, Morocco and
Tunisia), Europe (Croatia, France, Greece, Italy, Portugal and Spain) and
the Middle East (Cyprus, Lebanon, Palestine, Syria and Turkey). The
physico-chemical data are distributed in 18 North African, 8 European
and 9 Middle Eastern studies, while major ions are represented in 29, 32
and 23 studies conducted in each zone respectively. In addition, more
than half of minor ions data is clustered in 23 European studies, while 8
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Fig. 1. Study area extent and distribution of studied articles with the types of data contained in each study. The article labelled with an * are those with isotopes data.
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North African and 7 Middle Eastern studies hold minor ions data.
Finally, most of the isotopic studies belong to the European region,
where this type of data is observed in 9 studies, while the other 7 studies
are distributed between the North African and Middle Eastern region
with 4 and 3 studies respectively.

After collecting all the data, the units were homogenized. In order to
facilitate the comparison, the Mediterranean data were grouped into 3
major sets of aquifers: “Quaternary”, “Jurassic and Cretaceous” and
“Tertiary” aquifers. The Quaternary data contain 68 aquifers, the Ter-
tiary data contain 18 aquifers, and the Jurassic and Cretaceous data
contain 27 aquifers. Finally, the “coastal - non-coastal” attributes of each
aquifer were also taken into consideration.

3.2. Methods of analysis

The analysis of the data was made on two levels. The first one con-
sists of a qualitative analysis of the datasets. Here, the studied articles
were classified according to the following topics: hydrogeology,
hydrogeochemistry, isotopes, pollution, water quality, seawater intru-
sion, and modelling. This classification was made for the entire dataset
and for each type of aquifers also taking into account the geographical
distribution.

The second one is a quantitative analysis. For general hydro-
geochemical characteristics, the mean of physico-chemical parameters
and major ions concentrations were computed for each aquifer. This
data was organized in a statistical table (Appendix 2). The same pro-
cedure was done for nitrate and isotopes. However, for the minor ions,
the analysis was made on the entire samples and not just the mean. First,
the authors compared the mean physico-chemical characteristics for all
aquifers in the region and for each aquifer type separately. Similarly,
major ions, minor ions, isotopes and nitrate concentrations were
compared for all aquifers and for each type separately. Moreover, the
Piper diagram (Piper, 1944) and the Gibbs diagrams (Gibbs, 1970) were
used to identify the major hydro-chemical facies and groundwater
processes respectively in each set of aquifers. Furthermore, agglomera-
tive hierarchical clustering (AHC) was used in order to identify groups of
aquifers across the Mediterranean that share similar behavior or char-
acteristics. AHC is one of the most used classification methods in
hydrogeochemistry (Giiler et al., 2002; Steinhorst and Williams, 1985).
It uses a dissimilarity matrix based on Euclidean distance in order to
group samples into groups of relatively similar characteristics. It iden-
tifies the differences between samples and regroup them into several
clusters based on their differences (Jiang et al., 2015). The clusters are
generated by minimizing the sums of square distance to the center mean
(Ward, 1963). The AHC was carried out using the standardized data via
RStudio software version 1.3.1093. Finally, in order to simplify our
dataset (Cloutier et al., 2008) and reduce its dimensionality while
maintaining its variability (Zhang et al., 2008) a Principal Component
Analysis was carried out. The interesting aspect of PCA is its capability in
explaining the correlation between a big number of variables while
reducing the loss in information (Shrestha and Kazama, 2007). In fact, it
is designed to plot the principal components which are a whole new
uncorrelated variable derived from the original ones as linear combi-
nations (Shrestha and Kazama, 2007). Using RStudio software version
1.3.1093, the standardized data was plotted into 3 plots representing
PC2 vs PC1 for the 3 sets of aquifers. These samples were distributed
based on the dendrograms groups, while the correlations between the
first 4 principal components (PC1 to PC4) and the values of major ions
and pH were measured using the same software.

4. Results
4.1. Study topics

The studied articles were divided into 7 topics: hydrogeology,
hydrogeochemistry, isotopes, modelling, pollution, seawater intrusion,
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and water quality. Fig. 2 presents the distribution of articles according to
the study topic for the whole dataset (Fig. 2a) and by aquifer types
(Fig. 2b and c, and d). Fig. 2 (a) indicates that the hydrogeochemistry
and water quality presented in 48 and 23 studies respectively, are the
major topics in this dataset. While 19 and 14 articles focus on pollution
and hydrogeology respectively. Moreover, 13 studies deal with seawater
intrusion and only 4 and 2 studies focus on the isotope and modelling
topics respectively. Hydrogeochemistry and water quality are also the
dominant topics in the Quaternary data (Fig. 2b) with 28 and 15 studies
respectively, while the hydrogeochemistry and hydrogeology topics
dominate the Jurassic and Cretaceous aquifers (Fig. 2¢) with 9 and 6
studies respectively. The water quality topic is represented also in 5
Jurassic and Cretaceous articles. Same as Jurassic data, the Tertiary
aquifers (Fig. 2d) are also dominated by the same topics where the
hydrogeochemistry was found in 8 studies, followed by hydrogeology in
3 studies. Moreover, 11, 9 and 4 Quaternary aquifers focus on the
pollution, seawater intrusion and hydrogeology respectively, while only
1 addresses the modelling topic and none the isotopes. In the Jurassic
and Cretaceous data, 4 studies deal with pollution, while isotopes and
seawater intrusion topics are represented in 1 and 2 articles respectively.
Finally, the number of studies focusing on isotopes in the tertiary data is
3, while, modelling, pollution, water quality and seawater intrusion
topics are represented only in 1 Tertiary aquifer. From geographical
perspective, the North African studies focus on the hydrogeochemistry
and water quality topics represented in 10 and 9 studies in this region
respectively, followed by the pollution topic occupying 5 studies, while
3 and 4 studies tackle the hydrogeology and seawater intrusion
respectively and only 1 study deals with the modelling subject. For the
European region, the hydrogeochemistry topic remains the main focus
represented in 26 studies, followed by the pollution and hydrogeology
topics highlighted in 9 and 5 articles respectively, while the water
quality, isotopes and seawater intrusion are distributed in 4, 3 and 3
studies respectively, when only 1 article deals with modelling. Finally,
the main focus of the Middle Eastern studies resembles the North African
ones, with 12 and 10 studies tackling the hydrogeochemistry and water
quality topics respectively, followed by the hydrogeology, seawater
intrusion and pollution topics represented in 6, 6 and 5 studies respec-
tively, while only one study focuses on the isotopes.

4.2. Groundwater characteristics

4.2.1. Physical characteristic

This section, presents the main results for the following 4 physico-
chemical parameters: pH, temperature, total dissolved solids (TDS)
and electrical conductivity (EC). The average pH values for all aquifers
range from 6.8 in a Quaternary aquifer located in the Portuguese Serra
da Estrela mountain to 9 in a Quaternary aquifer of Koruteli located in
Turkey with a mean value of 7.6. Moreover, the EC values range be-
tween 3.6 and 8126 pS/cm with a mean value of 2106.6 pS/cm. The
lowest EC value belongs to a Quaternary aquifer located in an agricul-
tural and urban area in north western Tunisia, while the highest value is
for the Tertiary aquifer of Ras El-Hekma in Egypt. Finally, the lowest
temperature value equal to 10.8 °C in a Jurassic and Cretaceous aquifer
located in the Italian Mt. Catria-Mt. Nerone ridge, while the highest one
is 25.1 °C for an agricultural Jurassic and Cretaceous aquifer located in
south east of Tunisia; the mean temperature for all aquifers is 19.7 °C.

4.2.1.1. Quaternary aquifers. For Quaternary aquifers, pH means range
from 6.8 in the Portuguese Serra da Estrela mountain’s study to 9 in a
Turkish study conducted on a Quaternary aquifer located in the Kor-
kuteli district in Antalya. The mean pH values for all Quaternary aqui-
fers is 7.6. EC values range between 3.6 and 5093 pS/cm with a mean
value of 1996.4 pS/cm. Both lowest and highest EC means were calcu-
lated for agricultural areas aquifers in Tunisia. The former located in the
north western part of the country, while the latter is in central Tunisia.
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Fig. 2. Histograms representing the number of articles focusing on the 7 main identified topics in: (a) all the data, (b) the Quaternary, (c) Jurassic & Cretaceous and

(d) Tertiary data.

Similarly, the highest TDS value belongs to the aforementioned aquifer
in central Tunisia with 3710 mg/L, while Serra da Estrela mountain of
Portugal holds the lowest mean equal to 80.6 mg/L. The mean TDS
values for all Quaternary aquifers is 1434.2 mg/L. Temperature values
range from 15.1 °C in the Turkish aquifer located in the Korkuteli dis-
trict, to 24.1 °C in Egyptian agricultural areas located in some central
Nile delta villages. Mean groundwater temperature for all aquifers is
20 °C.

4.2.1.2. Jurassic and Cretaceous aquifers. In the Jurassic and Cretaceous
aquifers, pH values range from 6.9 in the northwestern Sardinia, Italy,
while the highest mean equal to 8 belongs to the Tunisian Sisseb El Alem
basin. Mean pH value for all aquifers is 7.6. Moreover, the EC means
range between 349.2 uS/cm and 3796 pS/cm with a mean value of
1396.1 pS/cm. The lowest value belongs to the Monte Catria and Monte
Nerone in Italy, where oil drilling is the main economic activity, while
the aquifer system in the agricultural area of south east Tunisia holds the
highest value. TDS values range from 264.7 mg/L in a karstic aquifer in
the central West Bank of Palestine to 2970 mg/L in south east of Tunisia.
Both regions are agricultural areas. The mean TDS value is 1215.9 mg/L.
Finally, temperature values range from 10.8 °C in the same Italian study
holding the lowest EC to 25.1 °C in an agricultural area in south east of
Tunisia. The Mean Temperature is 18.8 °C.

4.2.1.3. Tertiary aquifers. In the Tertiary aquifers, pH means range
between 7.4 and 7.8, with the lowest value found in an Egyptian area
known as Bagoush area and the highest value in Ras El-Hekma aquifer in
Egypt. The mean pH value is 7.6. Ras El-Hekma aquifer also has the
highest EC mean equal to 8127 pS/cm and the highest TDS value at
5494 mg/L, while the industrial area of Friuli Venezia Giulia plain
aquifers of Italy holds the lowest values of EC and TDS equal to 471.5
pS/cm and 430.7 mg/L respectively. Average EC and TDS values for all
Tertiary aquifers are 3996 pS/cm and 3188.5 mg/L respectively. Finally,
the temperature means range between 18.5 °C and 21.7 °C, the highest
value is the mean of the Bagoush area located in Egypt, while the lowest
mean belongs to a Turkish aquifer located in the Torbali Region covered
by agricultural and urban areas; mean temperature is 20.1 °C.

4.2.2. Major ions

Major ions concentrations are presented here for all aquifers, then for
each type of aquifer separately. Calcium concentration ranges from 2.9
mg/L in a Quaternary Portuguese aquifer in Serra da Estrela mountain to
849.4 mg/L in a coastal Quaternary aquifer in south eastern Tunisia.
Average Ca?*t concentration is 124.4 mg/L. Mean magnesium concen-
trations ranges from 0.6 to 259.4 mg/L with an average of 60 mg/L. The
lowest value is calculated for the Quaternary aquifer in Serra da Estrela
mountain of Portugal while the highest mean is represented by Ras El-
Hekma Tertiary aquifer. Sodium concentrations range from 1.8 mg/L
in a Jurassic aquifer in the southern Alps of France, to 1501 mg/L in the
aforementioned Ras El-Hekma aquifer. Average Na™ concentration is
217.4 mg/L. The Potassium concentrations range between 0.1 and 60.8
mg/L in Quaternary aquifers. In fact, Elba island in Italy has the lowest
value, while the coastal aquifer south of Tunisia holds the highest. Mean
K" concentration is 9.8 mg/L. In addition, the lowest bicarbonate mean
equal to 5.3 mg/L exists in the Quaternary Italian aquifer located in Elba
island. However, the highest HCO3 concentration of 1199.7 mg/L was
measured in the Tunisan study conducted on the Jurassic and Creta-
ceous basin of Sisseb El Alem. Average HCOj3 is 294.5 mg/L. In addition,
the chloride means range from 2.5 mg/L to 2862 mg/L. Same as the
sodium, the lowest value is found in the Jurassic aquifer in the Southern
Alps of France, while the highest value, is found as for the Na™ in the
Egyptian Ras El-Hekma aquifer. Mean Cl~ value is 356.3 mg/L. Finally,
the Quaternary aquifer has both the lowest and highest mean of sulfate
equal to 2.4 and 1728 mg/L respectively, with the Elba island of Italy
and the coastal aquifer south east of Tunisia showing the minimal and
maximal mean respectively. Mean SO~ is 235 mg/L.

4.2.2.1. Quaternary formation. For the Quaternary aquifers, Ca?*
means range from 2.9 mg/L in Serra da Estrela mountain in Portugal to
849.4 mg/L in the coastal aquifer south east of Tunisia. Average Ca>"
value for the Quaternary formations is 150.5 mg/L. The highest and
lowest means of Mg?" belongs to the same aforementioned studies
respectively. Values range between 0.6 mg/L and 248.8 mg/L with an
average of 70 mg/L. Average Na' concentrations for Quaternary aqui-
fers is 276.8 mg/L. The lowest Na* mean equal to 4.6 mg/L belongs to
the Italian study located in the Elba island where 85% of its surface is
occupied by semi-natural and natural environment, while the
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aforementioned coastal aquifer in south eastern Tunisia also has the
highest Na' mean equal to 1131 mg/L. This Tunisian aquifer holds the
highest average concentrations of K*, CI~, and SO~ with 60.8 mg/L,
2516.2 mg/L and 1728 mg/L respectively. Similarly, the lowest values
of these ions were found in one aquifer located in the Elba Island in Italy
with concentrations 0.1 mg/L, 5.3 mg/L and 2.4 mg/L respectively.
Average concentrations of these ions are 11.8 mg/L, 466.4 mg/L and
292.5 mg/L respectively. Finally, the lowest HCO3 value is also recorded
in the Elba island with a value of 5.3 mg/L while the highest value equal
to 509.8 mg/L is found in a Moroccan study conducted on Bou-Areg
coastal aquifer located north of the country. Average HCO3 concentra-
tion for quaternary formations is 291.8 mg/L.

4.2.2.2. Jurassic and Cretaceous formations. In the Jurassic and Creta-
ceous formations, Ca>t means range between 7.3 mg/L and 319.2 mg/L,
where the Italian aquifer located in the agricultural Nurra region and the
aquifer of the agricultural area located south east of Tunisia holds the
lowest and highest values respectively. Mean Ca®* concentration is 88.1
mg/L. Mg?" and HCO3 lowest values were also found in the Nurra re-
gion with values of 4.6 mg/L and 6.3 mg/L respectively. While the
agricultural Sisseb El Alem basin in Tunisia has the highest means of
both ions with 191.7 mg/L for Mg?" and 1199.7 mg/L for HCO3.
Average MgZ* and HCO3 concentrations for all aquifers is 53.7 mg/L
and 342.3 mg/L respectively. Furthermore, the lowest Na* mean equal
to 1.8 mg/L is found in the Coaraze spring in the southern Alps of France,
while the aquifers located south east of Tunisia holds the highest mean
equal to 400.8 mg/L. Average Na' concentration is 96.4 mg/L. Highest
K" concentration is also found in the aforementioned aquifer of south
east Tunisia with 21.9 mg/L. However, the lowest mean of 0.3 mg/L is
attributed to an Italian aquifer in north western Nurra region. Average
K" value for all aquifers is 5.7 mg/L. Similarly, the same aquifers hold
the lowest and highest sulfate concentrations with values of 3.9 mg/L
and 1272.5 mg/L respectively. Average SO3  concentration is 183.5
mg/L. Finally, the lowest Chloride mean equal to 2.5 mg/L is found in
the Italian Nurra region characterized by its intensive agricultural ac-
tivities, while the highest one equal to 665.3 mg/L belongs the aquifer of
south east of Tunisia. Average Cl~ concentration for the Jurassic and
Cretaceous aquifers is 134.4 mg/L.

4.2.2.3. Tertiary formation. In the Tertiary formations, the lowest cal-
cium concentration equal to 19 mg/L is found in Cyprus with a study
conducted on large part of the mid-to south-eastern side of the island
characterized by agriculture and light industry, while the Ebro Valley in
Spain holds the highest mean of 293.5 mg/L. Average Ca®" for these
aquifers is 91.8 mg/L. For the magnesium and potassium ions, the lowest
means are found in the same agricultural zone of northern Bekaa in
Lebanon, while their highest means belongs to Ras El-Hekma aquifer in
Egypt. Furthermore, the magnesium means vary from 12 mg/L to 259.4
mg/L with an average equal to 41.8 mg/L and the potassium values
range between 0.7 and 60.6 mg/L with average equal to 8 mg/L. Na*
values range from 2.5 to 1501, with the lowest found in the Spanish
Pareja basin dominated by natural vegetation, while the highest belongs
to Ras El-Hekma aquifer. This aquifer also holds the highest Cl™ value of
2862 mg/L, while the lowest value is found in a mountainous karstic
aquifer on Morocco with a value of 5.3 mg/L. Mean Na™ and CI~ values
are 168.4 mg/L and 275.3 mg/L respectively. The lowest HCO3 is also
found in the aforementioned Moroccan aquifer with 115.9 mg/L while
the Italian aquifer located in Mt. Vulture holds the highest Bicarbonate
mean equal to 448.5 mg/L. Average HCO3 concentration is 264.6 mg/L.
Finally, the minimal sulfate mean equal to 8.1 mg/L is found the agri-
cultural land of northern Bekaa, while the maximal mean of 645.7 mg/L
belongs to the Spanish study of Ebro valley. Average SOF~ concentration
for all Tertiary aquifers is 135.6 mg/L.
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4.2.3. Minor ions

This part focuses on the following 13 minor ions: Mn, Fe, F, NH4, Br,
Zn, Ba, Al, As, B, Ni, Pb and Cu and compares the samples’ concentra-
tions with the WHO threshold (WHO, 2017). This data includes 38
studies distributed between the following 3 types of aquifers: 24 Qua-
ternary, 7 Jurassic & Cretaceous and 7 Tertiary aquifers. It is important
to note that in this part the authors will take into consideration each
sample in the dataset instead of the studies’ means. For instance, the Ba,
Ni and Cu concentrations are considered low where all of their con-
centrations represented by 103, 59 and 29 samples respectively fall
below the threshold, while only 1 sample belonging to a Quaternary
aquifer holds a concentration of Pb trespassing the WHO limit. For the
NH4, Zn and Al ions, which are represented in 39, 92 and 60 samples
respectively, a low number of concentrations are considered high where
only 5, 2 and 4 samples respectively fall above the threshold. In fact, all
NH4 and Zn concentrations falling above the limit were found in Qua-
ternary regions, while the concentrations of Al were distributed equally
between Quaternary and Tertiary aquifers. For the ions Mn and Fe
represented by 167 and 209 samples respectively, only 16 and 18 con-
centrations fall above the limit, where most of them belong to the
Quaternary data and only 1 Mn and 1 Fe samples are represented by the
Jurassic and Cretaceous regions. In addition, only 4 Mn samples belong
to the Tertiary data. Furthermore, the 3 minor ions F, As and B hold the
highest number of samples trespassing the WHO thresholds. For F, 33
Quaternary and 1 Tertiary sample hold concentrations higher than the
limit and represent 18.6% of the data, while all the concentrations of As
falling above the threshold are Quaternary samples, equal to 38 and
represent approximatively half of the data with percentage equal to
43.2%. Moreover, 54 B samples out of 154 trespass the limit where most
of them belong to the Quaternary data and only 1 and 10 samples belong
to the Jurassic & Cretaceous and Tertiary data respectively. In addition,
almost all of 169 Br concentrations fall above the threshold with per-
centage equal to 98.2%. In fact, the Br ion could serve as an indicator of
salinization processes. Besides the 13 ions mentioned before, it is
important to note that many studies measure the concentrations of Li
and Sr, represented by 162 and 364 samples respectively, however, the
authors were unable to find the WHO threshold for these ions.

In order to analyze the geographical distribution of this data, the 338
high concentration samples were organized into 3 distinctive groups, the
European, Middle Eastern and North African samples, following the
continents where the studies occur. Since 160 North African samples
trespass the threshold, this region dominates the data with a percentage
equal to 47.3%. This value was followed by the European then the
Middle Eastern ones with percentages equal to 35.8% and 16.9%
respectively. Despite the high number of concentrations falling above
the thresholds in the North African region, it is important to note that a
high number of them were Br concentrations and represent 98 out of the
160 samples, while the European and Middle eastern region hold 31 and
37 samples falling above the Br limit. In addition, the 3 minor ions
holding the highest numbers of concentrations exceeding the limits are
F, B and As. Most of the sample trespassing the F and B thresholds are
conducted on the Quaternary aquifers in North Africa with values equal
to 20 out of 34 samples and 40 out of 54 samples respectively, while the
European and Middle Eastern studies hold 37 and 1 As samples
respectively falling above the WHO limit.

4.2.3.1. Quaternary aquifers. Following the aquifer’s type, the Quater-
nary samples stand out as the most polluted one compared to the
Jurassic & Cretaceous and the Tertiary samples. In fact, the Quaternary
data holds the highest numbers of Br, B, As, F, Fe and Mn concentrations
trespassing the WHO thresholds, where their values are equal to 130, 43,
38, 33, 17 and 11 samples respectively. In addition, it holds only 5, 2, 2
and 1 samples exceeding the WHO limits of NH4, Zn, Al and Pb, while
none of its samples exceed the thresholds of Ba, Ni and Cu.



R. Al Hgj et al.

4.2.3.2. Jurassic and Cretaceous aquifers. For the Jurassic & Cretaceous
aquifers, its data includes only 1 sample falling above the thresholds of
the following ions: Mn, Fe and B, while 16 ones trespass the limit for Br.
Beyond these 4 ions, none of its samples exceed the thresholds of the
others minor ions.

4.2.3.3. Tertiary aquifers. For the Tertiary aquifers, only 37 concen-
trations fall above the limits of 5 minor ions, which are distributed as
following: 20 Br samples, 10 B, 4 Mn, 2 Al and 1 F sample. For the rest of
minor ions none of the Jurassic & Cretaceous samples fall above the
thresholds.

4.2.4. Isotopes

Two isotopes, 5'%0 and 5%H were taken into account in this work.
The 5'%0 minimal and maximal means for all aquifers, are found in
Quaternary aquifers. The composition ranges from —7.9%o to —0.4%o,
with the minimal value in the Lebanese study of Nahr Ibrahim area
characterized by intense industrial activities, and the maximal mean in
the agricultural area of “Biviere di Gela" in Italy. Furthermore, the
lowest mean of §%H equal to —50.3%o belongs also to the Quaternary
aquifer of Lerma basin in Spain, while the highest mean equal to —9.2%o
was found in the study conducted on the Tertiary aquifer in Bagoush,
Egypt. Average composition of 8'%0 and §2H are —5.6%o and —36.4%o
respectively.

4.2.4.1. Quaternary aquifers. For the Quaternary aquifers, the means of
580 values are mentioned in the previous paragraph. As same as before,
the Lerma basin located in Spain show the minimum mean of 52H equal
to —50.3%0. Moreover, the highest mean of §%H equal to —27.1%o is
found in the Spanish Pareja basin characterized by rural features and
natural vegetation. Average content of 5'%0 and 8%H for the Quaternary
aquifers are —5.3%o and —36.7%o respectively.

4.2.4.2. Jurassic and Cretaceous aquifers. In the Jurassic and Cretaceous
aquifers, 580 means range between —7%o and —5.2%o in south-eastern
Tunisia and the Turkish Edremit-Dalyan coastal wetland respectively.
While the 8’H means range from —37.8%o to —24.2%0 in the same
aforementioned Turkish wetland and the Lebanese Damour coastal
aquifer respectively. Finally, average content of 580 and §2H for the
Jurassic and Cretaceous aquifers are —5.8%o and —31.8%o respectively.

4.2.4.3. Tertiary aquifers. For the Tertiary formations, the minimal and
maximal means of 52H equal to —34.9%o and —9.2% In fact, the lowest
82H mean belongs to the French aquifer of Bonifacio, while the highest
one represents the Egyptian Bagoush area. In addition, the §'80 stable
isotope content ranges from —7.9%o to —2.6%o. The lowest one in the
Italian Friuli Venezia Giulia plain, while the highest mean is represented
in the aforementioned Egyptian study conducted on Bagoush area.
Average content of 5'80 and 8%H for Tertiary aquifers are —5.5%o and
—22%o respectively.

4.2.5. Nitrate

Despite that most of the chosen studies focus on the hydro-
geochemical topic, a low number take into consideration or focus solely
on the pollution problem. The low or high nitrate concentrations is one
of the first indication of this problem. For instance, the highest mean of
nitrate equal to 348.7 mg/L belongs to the Tunisian Quaternary aquifer
of Cap-Bon, while the lowest nitrate mean equal to 0.2 mg/L was
measured in an Italian study conducted on the Quaternary aquifer of
Elba Island, where 85% of the surface is occupied by natural or semi-
natural environment. Average concentrations of NO3 for all aquifers is
43.6 mg/L.

4.2.5.1. Quaternary aquifers. In fact, the Quaternary aquifers holds the
lowest and highest mean of nitrate. The average of NO3 concentrations
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for all Quaternary aquifers is equal to 54.1 mg/L.

4.2.5.2. Jurassic and Cretaceous aquifers. The Jurassic and Creatceous
data show that the means of nitrate vary between 0.6 and 78.1 mg/L. In
fact, the minimal and maximal values of nitrate belong to the French
Coaraze spring located in the southern Alps and the agricultural Italian
region in north western Sardinia respectively. Moreover, the average
concentrations for all Jurassic and Cretaceous aquifers is equal to 14.1
mg/L.

4.2.5.3. Tertiary aquifers. For the Tertiary aquifers, the minimal value
equal to 4.1 mg/L belongs to the Moroccan study concerning a moun-
tainous karst area, while a Lebanese aquifer located in north Bekaa and
Anti-Lebanon revealed the highest value equal to 112.5 mg/L. Average
concentration of NOj3 for all Tertiary aquifers is 27.8 mg/L.

4.3. Hydrochemical facies

In order to identify the major water types in the Mediterranean re-
gion aquifers, the mean of major ions and TDS concentrations were
measured, and 79 aquifers were plotted into 3 Piper diagrams (Piper,
1944). Each diagram represents one aquifer type: Quaternary (Fig. 3a),
Jurassic and Cretaceous (Fig. 3b) and Tertiary (Fig. 3c). The 3 diagrams
show that 3 water types dominate the Mediterranean groundwater.
These are Ca-HCOj3, mixed and Ca-Cl facies, with 76.3% of the aquifers
falling into one of these 3 facies. The dominance of calcareous formation
in the Mediterranean, could be the main cause of this pattern (FAO,
1973). While the rest belong to the Na—Cl and Na-HCOj3 facies, which
may be caused by the seawater intrusion in the coastal areas and the
anthropogenic activities. In addition, most of the studies falling into the
Na-Cl and Na-HCOs facies are the North African and European studies.
In fact, North Africa has 26.7% of its studies falling into the Na—Cl and
Na-HCOs3. However, only 15% of Middle eastern studies respectively
belong to the same categories. The previous findings indicate that
seawater intrusion accompanied with the agricultural pollution along
with higher evaporation rates in North Africa may be the cause of this
distinctive pattern.

4.3.1. Quaternary aquifers

The Piper diagram of Quaternary aquifers (Fig. 3a) indicates that
many of its point are falling toward the Na-Cl (26.5%) and Ca—Cl
(36.7%) facies indicating the effect of seawater intrusion on the regions
occupied by this type of formation, hence most of the zones holding a
Quaternary aquifer are coastal. 30.6% of the Quaternary articles fall into
the Ca-HCOj3 and mixed zones, where the mixed facies has a percentage
equal to 18.4% higher than the percentage of Ca-HCO3 equal to 12.2%.
Finally, Na-HCO3 holds the lowest number of studies with a percentage
equal to 6.1%, Moreover, many countries follow a distinctive pattern.
For instance, all of Algerian, Moroccan, Egyptian and Tunisian studies
fall into the mixed, Ca-Cl and Na-Cl zones. In addition, 7 out of 8
Spanish studies belong to the same facies, while the rest falls into the
Ca-HCO3 zone. The mixed and Ca-HCOs facies also incorporates 2 out
of 2 and 2 out of 7 studies conducted in Turkey and Italy respectively. In
addition, 2 Italian studies belong to the Na-HCO3 area. Furthermore, 3
Italian studies fall into the Na—Cl and Ca-Cl zones.

4.3.2. Jurassic and Cretaceous aquifers

The Piper diagram of Jurassic and Cretaceous aquifers (Fig. 3b)
shows that all of its points fall into the Ca-HCO3, mixed and Ca-Cl facies.
In Fact, 84.69% of the Jurassic and Cretaceous aquifers belong to the
Ca-HCO3 and mixed facies. This observation is normal since the main
mineral-forming Jurassic and Cretaceous rocks are calcite (CaCO3) and
dolomite (CaMg(CO3)2). Moreover, such aquifers are highly karstified
system with complex structure that allow long rock-water interaction.
For the Middle East region, most of its studies with a percentage of 75%
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was plotted into the mixed area and only one study falls into the
Ca-HCOs facies. Moreover, 50% of the European studies belong to the
Ca-HCOs3 zone, while the rest of its studies lies equally in the mixed and
Ca—Cl facies. In addition, the studies conducted in the North Africa was
plotted mainly in the mixed facies and only 1 study fall into the Ca-Cl
facies.

Furthermore, some countries’ studies follow specific pattern. For
example, all the studies of Algeria and Greece belong to the mixed and
Ca-HCOs facies respectively, the same is true for 2 Lebanese studies.
While, the 3 Tunisian studies were divided between two facies, two
studies fall into the mixed zone and only one falls into the Ca-Cl facies.

4.3.3. Tertiary aquifers

The Piper diagram of the Tertiary aquifers (Fig. 3c) indicates that the
Ca-HCOs facies is dominant. For instance, 64.7% of the studies focusing
belong to this facies, while the mixed and Na-Cl facies occupy 23.5%
and 11.8% of the Tertiary studies respectively. This aspect could be a
consequence of the rock-water interaction dominance in modifying the
water’s chemistry, hence the major geological formation in the Medi-
terranean zone is calcareous. Moreover, 87.5% of the Middle East
studies fall into the Ca—-HCO3 zone. In addition, 66.7% of the studies
conducted in North Africa was plotted into the Na—Cl zone, while 33.3%
of its studies belong to the mixed facies which could be considered as a
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signal for major problem such as seawater intrusion. Moreover, the
European studies fall into 2 facies, Ca-HCO3 and mixed with percent-
ages equal to 66.7% and 33.3% respectively. Furthermore, some coun-
tries show a specific pattern. In fact, all the Lebanese studies lies in the
Ca-HCO3 zone. While all the studies conducted in Egypt belong to the
Na-Cl facies. Finally, the Italian studies were plotted into the Ca-HCOs.

4.4. Geochemical processes

In order to identify the main geochemical processes governing
groundwater formation in the Mediterranean, the mean values of each
studied aquifer were plotted on the Gibbs diagram (Fig. 4). Fig. 4 shows
that the evaporation is the main process that affect the groundwater’s
chemistry in most of the country and studies, where 72.7% of the studies
were affected by this type of process, while only 24.2% of all the means
fall into the rock-water interaction area. Only one study conducted on
the Portuguese Quaternary aquifer of the mountainous region in Serra
da Estrela has precipitation as a major water forming process. In fact, the
decrease in temperature due to the elevation, which could reach 1993
m, leads to higher precipitation in this area. In addition, the geograph-
ical distribution indicates that 37.5% of the studies conducted in the
Middle East region present water’s chemistry affected mainly by rock-
water interaction process. As same as before, almost third of the
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Fig. 3. Piper diagrams representing the distribution of hydrochemical facies in the 3 types of aquifers: (a) Quaternary, (b) Jurassic & Cretaceous and (c) Tertiary.
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Fig. 4. Gibbs diagrams representing; (a) TDS Vs Na't/(Na*+Ca®*") and (b) TDS Vs Cl™/(Cl~ + HCO3).

Europe studies were affected by the same process with a similar per-
centage equal to 37.5%. However, the North African studies shows a
different pattern where almost all them fall into the evaporation section
with a percentage equal to 88.2%, while the rock-water interaction is
considered the main process in modifying the water’s chemistry only in
2 North African studies. This distinctive pattern could be attributed to
the difference in temperature, where it is higher in North Africa in
comparison with the Middle East or Europe. Furthermore, from the
aquifers’ perspective, half of the Jurassic and Cretaceous aquifers fall
into the rock-water interaction zone. In addition, the same previous
process affects the water’s chemistry of only 33.3% of the Tertiary
Studies. Finally, most of the Quaternary aquifers were affected by
evaporation process where only 13.6% of Quaternary data fall into the
rock-water interaction area. This difference between the aquifer could
be attributed to the difference of the groundwater depth in the different
types of aquifers. Indeed, Jurassic and Cretaceous aquifers, and many
Tertiary aquifers are characterized by high karstification creating deep
and complex groundwater system that permit higher degree of rock-
water interaction. Moreover, the depth of these aquifers makes it
harder for evaporation to have a major role in the groundwater forming
process. Whereas, the majority of Quaternary aquifers are shallow
coastal or plain aquifer which might explain the greater evaporation
impact.

4.5. Multivariate analysis

For further analyzing, the data were standardized and analyzed using
AHC and PCA. In fact, 72 aquifers divided in 3 different data based on
their aquifer types, were plotted in 3 dendrograms (Fig. 5) and 3 PCA
(Fig. 6). For AHC, Ward’s method was used and the squared Euclidean
distance was chosen as a measure of similarity between every pair of

objects. As for PCA, and based on the Scree plots, the first 4 principal
components, from PCl to PC4, were interpreted, with cumulative
percent variance equal to 92.8%, 98.9% and 98.3% for the Quaternary,
Jurassic& Cretaceous and Tertiary data respectively. In order to classify
our data, the correlations between the principal components and the
variables were observed (Table 1). The Quaternary data showed high
and significant negative correlations between PC1 and Ca?*, Mg?*, Na™*,
K", CI” and SO3~, while PC2 was positively correlated with PH and
HCO3. Moreover, the Jurassic and Cretaceous data showed a high and
significant positive correlation between PC1 and Ca%t, Mg2+, Na™, KT,
Cl™ and SO;Z;_, and PC2 was negatively correlated with pH and HCOs.
Finally, the Tertiary data showed a significant positive correlation be-
tween PC1 and Mg?*, Nat, K*, CI” and SO, a significant positive
correlation between PC2 and HCO3 and a significant negative correla-
tion between PC2 and pH.

The Dendrogram of quaternary aquifers presents 5 groups. These 5
groups were labelled as Q1, Q2, Q3, Q4 and Q5 from left to right
(Fig. 5a). First of all, the group Q1 represents 10 studies affected slightly
by anthropogenic activities, with most of its studies holding PC1 and
PC2 equal to 0 expect for an Algerian study (Aouidane and Belhamra,
2017), conducted on the Remila aquifer located north-east of the
country, with lower PC2 score indicating lower pH and bicarbonate
values. The group Q2 contains 13 studies, affected mainly by rock-water
interaction, with most of its studies showing slightly positive PC1 scores
and PC2 nearly equal to 0. In addition, the groundwater of this group is
slightly affected by anthropogenic impact. While a Portuguese study
conducted on Serra da Estrela mountain area (Carreira et al., 2011)
holds the highest and lowest PC1 and PC2 respectively in Q2, indicating
lower values of the 7 major ions and pH.

Furthermore, Q3 holds only 1 study conducted on a south eastern
Tunisian zone (Telahigue et al., 2018), and has a PC2 score slightly

Table 1.1
the correlations between the 5 PCs from one hand and the 4 physicochemical parameters with the 9 major ions from the other hand.
T TDS EC pH Ca%* Mgt Na* K" S0% POY NO3 HCO3 clr
Wet PC1 —0.76 —0.83 —0.93 0.83 —0.79 —0.61 —0.89 —-0.53 —0.64 —-0.23 —0.46 —0.83 —0.86
PC2 —0.23 —0.31 —0.18 0.22 -0.12 0.62 0.22 0.58 0.72 0.1 —0.51 -0.3 —0.13
PC3 —0.23 0.21 —0.05 —0.13 0.02 0.09 -0.11 -0.17 -0.13 0.94 —0.26 0.12 —0.28
PC4 0.26 0.09 —0.01 0.02 —0.54 0.29 —0.26 0.14 —0.05 —0.06 —-0.12 0.35 0.03
Dry PC1 0.77 0.95 0.96 —0.82 0.72 0.65 0.84 0.55 0.87 0.11 0.54 0.85 0.92
PC2 0.14 0.26 0.25 —0.14 0.58 —0.37 —0.36 —0.56 —-0.19 0.37 0.65 0.17 -0.21
PC3 0.1 —0.09 —0.08 0.11 —0.05 -0.5 -0.17 0.59 —0.09 0.2 0.43 —0.34 0.06
PC4 —-0.57 0.03 0.02 0.05 0.04 0.16 0.2 0.01 0.32 0.46 0.24 -0.13 —0.05
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below 0, while it shows a very low score on PC1 indicating an increasing
in calcium, magnesium, sodium, chloride and sulfate concentrations.
Moreover, the group Q4 which contains 6 aquifers, shows an abundance
in coastal studies and is affected by the increase in water salinity. In
addition, the PCA indicate that most of the group’s studies fall near PC2
equal to O except for the Moroccan study conducted on Bou-Areg
aquifer, which hold a positive PC2 score indicating an exceptional
high pH and bicarbonate values in comparison to other aquifers in this
group. Moreover, all Q4 aquifers fall slightly toward a negative PC1,
which indicate an increasing in Ca®", Mg?*, Na®, K*, CI~ and SO%~
especially in the Moroccan and Tunisian studies concerning the
Bou-Areg coastal aquifer and an irrigated land in central Tunisia
respectively (Farid et al., 2013; Re et al., 2013). The group Q5 holds 11
aquifers including 6 coastal aquifers. Most of these aquifers hold slightly
positive PC1 and PC2 scores. In fact, a huge increase in salinity affect this
group where almost all of its aquifers’ chemical composition were
altered due to seawater intrusion or evaporite dissolution.

For the Jurassic data, the dendrogram indicate 4 groups labelled J1,
J2, J3 and J4 from left to right (Fig. 5b). The group J1 represented by
only one Algerian study conducted on the Ain Azel area (Belkhiri and
Mouni, 2014). In fact, this group is affected by salinization and holds a
slightly positive PC1 indicating a higher calcium, magnesium, sodium,
potassium, chloride and sulfate since they are positively correlated, and
low bicarbonate and pH values indicated by the slightly positive PC2. In
addition, the group J2 contains 9 studies with PC2 nearly 0 and a slightly
negative PC1 indicating low concentrations of Ca", Mg, Na*, K*, CI~
and SO3~, since they are positively correlated with PC1. Moreover, the
J3 group includes one study conducted on an aquifer located in south
eastern Tunisia (Ben Cheikh et al., 2014). This group holds extremely
high PC1 and PC2 correlation scores, reflecting high concentrations of
Ca?t, Mg?t, Na™, K, C1I” and SO3~ and low values of pH and HCO3.
Furthermore, only 2 Tunisian aquifers belong to the J4 group. These
aquifers were analyzed in a Tunisian study conducted on Sisseb El Alem
basin (Houatmia et al., 2016), which holds a high PC1 and an extremely
low PC2 indicating high concentrations of the 7 major ions and pH.

Finally, the Tertiary aquifers were divided into 3 groups, labelled T1,
T2 and T3 from left to right (Fig. 5c). In addition, PC1 is positively
correlated with Mg?*, Nat, KT, CI” and SO%~, while PC2 is positively
and negatively correlated with HCO3 and pH respectively. In fact, the T1
group, holding 2 studies, is characterized by PC2 nearly null and a
positive PC1. While the second group holds only 3 studies with slightly
negative PC1 and positive PC2. Most of the Tertiary aquifers are clus-
tered in the T3 group holding 12 studies with PC1 and PC2 nearly null
for the majority of the studies, except for the Italian study conducted on
Lago located south of the country (Critelli et al., 2015) holding a slightly
higher PC2 score and a Moroccan study conducted in a karstic moun-
tainous area (De Jong et al., 2008) with a high PC2. This higher PC2
scores reflect the higher bicarbonate concentrations and lower pH
values in these 2 studies.

5. Discussions

5.1. What are the main concerns that drive the hydrogeochemical studies
in the mediterranean?

The hydrogeochemical studies in our dataset focus on seven main
topics: the hydrogeology, hydrogeochemistry, isotope, modelling,
pollution, seawater intrusion and water quality. Despite this diversity in
topics, the group of countries in each continent indicate a distinctive
interest. For instance, 28.1% of North Africa’s studies discussed the
water quality problem hence its countries focus mainly on agriculture as
the main activity (Siebert et al., 2010). Furthermore, the seawater
intrusion represents a serious Middle Eastern problem due to over-
population and the close distant to sea with 15% of its studies focusing
on this topic, for example Kalaoun et al. indicate in 2016 that the
overexploitation and intensive pumping are causing this problem in the
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coastal city of Tripoli, Lebanon and it will aggravate if pumping rates are
maintained. In addition, the European countries focus on the hydro-
geochemistry aspect and the pollution problem with percentages equal
to 51% and 17.6% respectively. In fact, this interest in pollution topic
comes from the contamination of groundwater resource from different
sources, such as agricultural practices, urban areas and industries
(Cucchi et al., 2008). Finally, the modelling is represented only in 3.1%
and 2% of North African and European studies respectively, while the
isotope topic is represented by 5.9% and 2.5% of European and Middle
Eastern studies respectively.

The low number of studies tackling the isotopic and modelling topics
was clear. In fact, 2 articles focus on the modelling, 1 of them is a North
African study located in Morocco and 1 is a European Portuguese study,
while 1 of the 4 isotopic studies focus on Lebanon and the rest were
conducted in the following European countries: Spain, France and Italy.
This pattern represented by the isotope topic could be explained by the
cost factor, where the expensive studies were found mostly in the Eu-
ropean studies. In opposite of the 2 previous topics, the hydro-
geochemical topic was considered the most important one with 48
articles tackling this subject. Furthermore, more than half of the studies
focusing on this topic are European ones (54.2%), while the other half is
distributed equally between the North African (20.8%) and Middle
Eastern (25%) region. Moreover, a close number of articles focus on the
remaining topics. Indeed, the water quality, pollution, hydrogeology
and seawater intrusion topics were covered by 23, 19, 14 and 13 articles
respectively. Focusing on the hydrogeology, a quasi-equal number of
European (5 studies) and Middle Eastern articles (6 studies) was
observed, while the number of North African studies addressing this
topic equal to 3 articles was lower compared to the previous two regions.
While the focus of the North African region was directed toward the
water quality subject, with 9 studies focusing on this topic, compared to
the 4 European studies focusing on this subject. In addition, 10 Middle
Eastern studies tackle this topic. From the European perspective, we
could see clearly that their focus is directed toward the pollution topic
with 9 studies, while 10 studies located equally in the other two regions
focus on this topic. The previous finding considering the hydrogeology,
pollution and water quality topics could be explained by the fact that the
European region is industrial oriented region leading to a higher focus
on the hydrogeology and pollution topics, while the North African re-
gion is an agricultural one leading to increase the interest in water
quality topic. Last but not least, the 7 studies focusing on the seawater
intrusion were distributed quasi-equally between the North African and
European regions with 4 and 3 articles respectively, while the Middle
Eastern articles focusing on this subject are equal to 6 studies (46.2%),
which could be explained by the fact that most of the middle Eastern
countries are overpopulated with many major coastal cities and as a
result the focus of this region on the seawater intrusion is distinctive.

5.2. What are the physico-chemical characteristics of groundwater in the
mediterranean?

Groundwater in the Mediterranean region exhibit similarities but
also differences between the 3 major types of aquifers discussed in this
work. Hence, the physical parameters data shows that average pH values
for the 3 aquifers is similar with the values equal to 7.6. The slightly
alkaline pH in all aquifers is normal since alkaline element are the major
chemical components of all groundwater samples in the region. Mean
temperature values range from 18.8 °C in the Jurassic to 20.1 °C in the
Tertiary with a mean value of 20 °C in the Quaternary. The lower
temperature of the Jurassic and Cretaceous aquifers groundwater may
stem from the fact that these aquifers are generally located in moun-
tainous areas whereas a large proportion of Tertiary and Quaternary
aquifers are located in lower altitude. Moreover, the highest TDS and EC
means were found in the Tertiary data with values of 3188.5 mg/L and
3996 pS/cm, followed by the Quaternary with values of 1434.2 mg/L
and 1996.4 pS/cm respectively. Whereas the lowest values are found in
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the Jurassic with 1215.9 mg/L for TDS and 1396.1 uS/cm for EC. The
high values of EC and the TDS in the Tertiary and Quaternary data can
be attributed to both evaporation and seawater intrusion problems given
the prevalence of coastal aquifers in these formations. For instance, the
evaporation process is prevalent in some studies (Karroum et al., 2017;
Manno et al., 2007; Telahigue et al., 2018; Zghibi et al., 2014) as visu-
alized in the Gibbs plot (Fig. 4).

Monitoring groundwater physico-chemical characteristics is essen-
tial because of their potential hazards on both human and agriculture.
According to WHO 2017 guidelines, the high and low groundwater pH
values do not impose any health issues on consumers. However,
groundwater with high pH values tends to yield poor quality water after
treatment for human consumption while the groundwater with pH < 7
are corrosive. Hence, for distribution and treatment purposes, the
groundwater of the 3 Mediterranean aquifers’ types hold moderate pH
values. As for the TDS, high values don’t affect the human health
directly, however it is recommended to avoid drinking water with TDS
higher than 500 or 600 mg/L according to EPA (2018) and WHO (2017)
respectively. Following these thresholds, the groundwater of the 3
aquifers are considered not suitable for drinking.

The aforementioned analysis refers to mean aquifer values.
Regarding physico-chemcial parameters extreme values, only 1 Qua-
ternary study holds pH value outside the normal range, which vary
between 6.5 and 8.4 (Ayers and Westcot, 1985). This study is a Turkish
one conducted on Korkuteli water resources located in Antalya (Varol
and Sekerci, 2018). The results indicate that most of the samples are
considered unsuitable for drinking and irrigation. In fact, using this
water could cause imbalance in the plants’ nutrients and may even holds
hazardous ions affecting the plants. In addition, only 5 Quaternary, 3
Jurassic and Cretaceous and 2 Tertiary studies holds TDS means higher
than 2000 mg/L which deemed them unsuitable for irrigation (Ayers
and Westcot, 1985). In fact, 4 Quaternary and 2 Tertiary aquifers
(Abu-alnaeem et al., 2018; Eissa et al., 2018, 2016; Jabal et al., 2015;
Zghibi et al., 2014; Farid et al., 2013) were affected by seawater intru-
sion. In addition to seawater intrusion, wastewater infiltration (Jabal
et al., 2015; Zghibi et al., 2014) and nitrate contamination (Abu-al-
naeem et al., 2018) also increase TDS values of 3 Quaternary aquifers.
Moreover, the halite and evaporate minerals dissolution is responsible
for increasing the salinity of a Quaternary and 2 Jurassic & Cretaceous
aquifers (Houatmia et al., 2016; Hamzaoui-Azaza et al.,, 2011).
Furthermore, the outcropping of salt deposits is the main source of
Jurassic and Cretaceous aquifer’s contamination in Tunisia (Ben Cheikh
et al., 2014).

5.3. What are the general hydrogeochemical characteristics of
groundwater in the mediterranean region?

Major ions concentrations show different patterns across various
aquifers. For the Quaternary aquifer, the cation concentrations are as
follow [Na+]>[Ca2+]>[Mg2+]>[K*], similar aspect is found in the
Tertiary and Jurassic and Cretaceous aquifers. However, in the Jurassic
aquifers the major cation Na * represents very close concentrations to
Ca?" while this difference is bigger in the other 2 types of aquifers. For
major anions, the HCO3 is the major anion in the Jurassic and Creta-
ceous aquifers, whereas, the Cl™ in the major anions in the Quaternary
and Tertiary data. The anions concentrations for the Quaternary,
Jurassic and Cretaceous and Tertiary data are as follow: [C1]> [SO%‘] >
[HCO31, [HCO31>[SO5 1>[Cl7], and [Cl~]>[HCO3]>[SO3"] respec-
tively. Moreover, the dominant hydro-chemical facies in the Quaternary
is Ca—Cl and Na—Cl facies. In the Jurassic and Cretaceous, the dominant
facies is by far Ca-HCOs3, mixed and Ca-Cl owing to the high concen-
tration of Ca that is a major element in the mineral-forming rocks of
these aquifers. Similarly, the Ca—-HCOg3 is the dominant facies in the
Tertiary followed by the mixed facies.

Finally, for the groundwater formation process, the major water
forming process in the Mediterranean region is evaporation followed by

11

Physics and Chemistry of the Earth 129 (2023) 103351

rock-water interaction. Precipitation is only a factor in one study. As for
the various aquifers, the large majority of Quaternary groundwater
chemistry, and to a lesser extent Tertiary aquifers water chemistry is
governed by evaporation processes. However, this is not the case for the
Jurassic and Cretaceous aquifers where rock-water interaction is the
primary water forming process.

5.4. What geochemical processes influence the water chemistry of the
mediterranean region’s aquifers?

Based on the previous findings, certain patterns could be attributed
to some regions. In fact, the European and Middle Eastern countries’
studies are distributed in the following 4 facies: Ca—-HCOs3, mixed, Ca—Cl
and Na-Cl, with a high number of aquifers tending to cluster into the
Ca-HCO3 and mixed zones. While, the considerable number of studies
falling into the Ca-Cl could be attributed to the fact that some of the
developed countries are suffering from pollution and anthropogenic
contaminations. For instance, Italian groundwater are affected by the
effect of fertilizers and manure disposal in agriculture area (De Caro
etal., 2017; Manno et al., 2007) and the low depth of its water leading to
higher vulnerability due to over pumping and/or contamination in some
areas (Cucchi et al., 2008), while some Spanish aquifers suffer from a
high pollution due to the infiltration of domestic and industrial waste-
water from sewage networks, septic tanks (Navarro and Carbonell,
2007) and industrial activities (Giménez Forcada and Morell Evangel-
ista, 2008). In addition, the contamination of Sines coastal aquifer in
Portugal was attributed to the intense agricultural exploitations (Fer-
nandes et al., 2006). While the North African countries focus aggres-
sively on the agriculture activity. On one hand, this activity will cause
the infiltration of the contaminants from the surface to the groundwater
(Karroum et al., 2017; Mejri et al., 2018; Re et al., 2014). On the other
hand, in order to meet the agriculture’s needs, the water consumption
increase dramatically in this region, depleting the groundwater’s supply
and as a result increasing the seawater intrusion in the coastal area
(Mountadar et al., 2018; Moussa et al., 2012; Zghibi et al., 2014). In fact,
the 2 previous problems are considered as major factors in deteriorating
the groundwater on the quality and quantity scale, and as a result most
of the North African studies are plotted in the mixed, Ca—Cl and Na-Cl
zones with the dominance of Ca—Cl and Na-Cl facies. Moreover, ac-
cording to the Gibbs plot, these countries located in North Africa are
more affected by the evaporation process in comparison with the Eu-
ropean and Middle Eastern region. For instance, in Telahigue et al.
(2018) proved that the evaporations process is one of the factors
increasing the groundwater’s salinity in a Tunisian aquifer southern of
the country, while the Sminja aquifer located in Tunisia suffers from the
same process. This finding was proved in an isotopic study by Mejri et al.
(2018). In fact, the higher evaporation effect on the North African
countries could be simply attributed to the temperature linked with the
geographical location, where the African continent suffer from a higher
temperature leading to a higher evaporation in comparison with the
European and Middle Eastern region.

Various factors, natural and anthropogenic, impact the water
chemistry of the aquifers in the Mediterranean. These factors are dis-
cussed for each type of aquifers taking into account the results of the
Piper and Gibbs plots along with the cluster analysis.

To facilitate the analysis, the previously identified groups of studies
using AHC were plotted on the Piper diagram. Fig. 7 shows, for each type
of aquifers, the distribution of these groups on the various hydro-
chemcial facies. The Quaternary data shows that many zones, in the
coastal and non-coastal areas, are affected by the weathering process. In
fact, the Piper diagram (Fig. 7, a) shows that many studies belong to the
Ca-HCO3 and mixed facies while the dendrogram (Fig. 5, a) indicates
the important role of this process in shaping the water chemistry espe-
cially in the group Q2. In fact, 11 Q2 aquifers are distributed between
Ca-HCO3 and mixed facies which are affected mainly by rock-water
interaction. Only 2 studies fall outside of these zones. The first one is
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Fig. 5. Dendrograms from hierarchical cluster analysis conducted on: (a) the Quaternary, (b) the Jurassic & Cretaceous and (c) the Tertiary aquifers.

12



