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Abstract

Environmental stable and radioactive isotopes (6°H, 5'°C, §'®0; *H and '*C), together with physical and geochemical data, were
used in the determination of the origins of groundwater salinization and geochemical evolution processes in coastal regions. Two
case studies on the Atlantic Coast are discussed, one located in the Essaouira sedimentary basin, western Morocco, and the
second, in the Lower Tagus—Sado sedimentary basin, southwest Portugal. In both regions, groundwater degradation occurs by
salinization increase to different concentrations and in relation to different origins. The main quality issues for the groundwater
resources are related to seawater intrusion, dissolution of diapiric structures intruding the aquifer layers, brine dissolution at
depth, and/or evaporation of irrigation water. Anthropogenic pollution ascribed to agricultural activities is another source for
groundwater degradation, affecting mainly the shallow aquifers. The apparent '“C age of the analysed samples ranges from 2.9 +
0.3 up to 45.6 £ 0.6 pmC in the Miocene groundwater samples from the basin in Portugal; at the Essaouira basin in Morocco, the
14C content varies from 60 to 86 pmC. In most of the water samples, the *H concentration is below the detection limit. In both
basins, the isotopic results together with the geochemical data provided an effective label for tracing the mineralization origin and
groundwater degradation processes. Further, the isotopic signatures were used in the identification of a paleoclimate (colder
period), recorded in the stable isotopic composition and corroborated with the '*C data.

Keywords Coastal aquifers - Salinization - Groundwater age - Portugal - Morocco - MENA

Introduction

This article is part of the topical collection “Coastal aquifers in the Middle

East and North Africa region”
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Groundwater systems constitute an important and sometimes
unique source of drinking water supply in many parts of the
world. Freshwater availability is under increasing pressures
connected to human activities, varying from water abstraction
to contaminating activities such as agriculture and livestock
production, which threaten drinking water resources and irri-
gation supplies. Other than these possible sources of contam-
ination, in coastal regions, the groundwater resource is often
vulnerable to seawater intrusion and to polluted-water seepage
from upper unconfined aquifers. Day by day, demand for good
quality water is rapidly increasing, leading to processes of
salinization that threaten the exploitation of additional water
resources. Salinization can be the result of processes related to
both seawater intrusion and water—rock interaction mecha-
nisms, among them, adsorption of Na by the aquifer matrix,
with release of Ca, which is a process that is activated when
seawater intrusion occur (Shi et al. 2001; Custodio 2002;
Pulido-Leboeuf 2004; Jalali 2007; Bouchaou et al. 2008;
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Mondal et al. 2011; Ben Hamouda et al. 2013). Besides this,
contributing to the increase in pressure on water resources, the
expansion of agricultural areas and the excessive use of fertil-
izers are responsible for another source of groundwater salini-
zation (Kim et al. 2003). The relation between human activi-
ties and the increase of salinization of groundwater resources
is well documented for situations whereby freshwater is
reused in agricultural activities. In this case, the increase of
salinization is not only associated with the introduction of
fertilizer and pesticides, but also associated with open irriga-
tion channels, which are easily subject to water evaporation
and will lead to an accumulation of salts in the remaining
fraction. In addition, irrigation return flows can alter natural
groundwater salinity.

Knowledge of groundwater flow in an aquifer system is an
important tool in the development of a conceptual circulation
model. Such a model must consider the geological layers (wa-
ter—rock interaction processes) and the transport of dissolved
salts. In the case of sedimentary basins, models should ac-
count for the presence of salt structures or minerals dispersed
within the basin layers, as the flow model will be sensitive to
these features. In these specific types of investigation, the
isotope hydrology approach can provide additional informa-
tion concerning the groundwater systems (Carreira et al. 1996,
2014); the isotope data will serve as a sometimes crucial tool
in identifying the salt origins (Pulido-Leboeuf 2004; Bahir et
al. 2008; Galego Fernandes et al. 2009; Stadler et al. 2012;
Carreira et al. 2014).

The origin of groundwater salinization in coastal regions
has been investigated using a variety of different approaches,
from physical-geochemical data to environmental isotopes,
and via the traditional hydrogeological tools to statistical ap-
proaches. For example, Bouzourra et al. (2015), in the shallow
coastal aquifers of Aousja-Ghar El Melh and Kalaat el
Andalous, NE Tunisia, identified the origin and processes of
groundwater salinization through geochemical and statistical
approaches (using principal components analysis, PCA),
while Re et al. (2013) identified and characterized the main
processes causing groundwater salinization in the coastal
aquifer of Bou-Areg (Morocco) by a multi-tracer geochemical
approach (chemical data and environmental isotopes).

As mentioned by Custodio (2010), not only the semiarid
regions in African and Mediterranean countries are facing
degradation/mineralization of groundwater coastal resources;
Europe is also handling an increase in aquifer salinization
ascribed to the long coastline in which human activities are
concentrated. Salinization problems have been growing with
more intensive groundwater abstraction from a range of geo-
logical formations—for example deltaic areas (Rhine-Meuse
in The Netherlands; Aveiro in N Portugal; Llobregat in north-
eastern Spain), in the detritical coastal formations of Belgium
and northern France, and in the carbonate coastal massifs in
Italy. In addition, a growing concern for the southwestern
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USA aquifers has been reported by Langman and Ellis
(2010), as depletion of freshwater aquifers is linked with the
potentiometric-surface relationship with deeper aquifers,
which can induce saltwater intrusion due to the increase of
hydraulic gradient. In Australia, freshwater-resource saliniza-
tion by seawater intrusion has been reported in several re-
gions, from Queensland to Western and Southern Australia,
ascribed to extended periods of low rainfall and abstraction
increase, associated with a population increase along the coast
(Wemer 2010).

One of the main goals of this hydrogeological study is the
identification of the key mechanisms responsible for ground-
water degradation triggered by an increase in mineralization.
Use of the isotopic composition (tritium and carbon-14) and
its relation with geochemical parameters, can provide an ef-
fective label/tool in the identification of the main cause of this
problem (seawater—groundwater mixing; active seawater in-
trusion vs. ancient seawater; dissolution of salt domes or dis-
solution of minerals dispersed in the geological layers, for
example).

Natural processes of water—rock interaction are the main
mechanisms responsible for water mineralization within the
two research areas chosen, although this trend can be locally
disturbed by anthropogenic activity in agricultural areas by the
addition of fertilizer or even due to salts concentration by
evaporation of irrigation water. The two research areas are
on the Atlantic Coast: the Essaouira basin in western
Morocco, and the Lower Tagus-Sado basin in southwest
Portugal. Both research areas are located in sedimentary ba-
sins, and cation exchange processes can easily occur with the
uptake of Na dissolved in the groundwater and release of Ca
by the aquifer matrix, leading to an increase in groundwater
mineralization.

The main goal of this report is to investigate and compare
the origins and variation of solutes present in the two similar
sedimentary coastal aquifers, using the same methodologies.
The same analytical tools (environmental isotopes and geo-
chemical data) were used in a similar geological and climatic
context, and different conclusions can be obtained concerning
the origin of salinization and degradation of both groundwater
resources. The combination of isotopic data and geochemical
data interpretation in a hydrogeological context will be pre-
sented and discussed, bearing in mind that the main objective
is the identification of the key mechanisms responsible for
groundwater degradation in both regions.

A secondary objective of this study is to understand the
relation of these coastal systems (discharging directly to the
sea) to sea-level fluctuations under a climatic-change scenario
that will affect directly the system dynamics. These aquifers
can represent potential archives of past climatic events, since
the changes in the isotopic composition of the oceans during a
glaciation period can be recorded in the paleowaters. The
paleoclimate evidences encoded in groundwater composition
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(isotopic signatures) will allow the extraction of information
and help in the reconstruction of past environments (Plummer
1993; Carreira et al. 1996; Carreira 1998; Edmunds and
Droubi 1998; Galego Fernandes and Carreira 2008; Re and
Zuppi 2011; Foster and MacDonald 2014).

Study areas: geological and hydrogeological settings
Essaouira basin (Morocco)

The first research area is located in Morocco on the Atlantic
Ocean coast, in the upper zone of the Essaouira sedimentary
basin, in the vicinity of Essaouira municipality (Fig. 1). The
area is delimited by the Atlantic Ocean to the west, Mramer
Wadi basin to the N and NE, and by Igrounzar Wadi crystal-
line massive in the E and SE.

From the geological point of view, sedimentary layers from
the Triassic to Quaternary fill Essaouira basin, covering a
Palacozoic basement. The Triassic deposits crop out in the
eastern and southern parts of the region (Fig. 1), and marly
sediments of Lower Cretaceous to Cenomanian overlie the
Jurassic layers composed by carbonate rocks. Duffaud et al.
(1966) in Galego Fernandes et al. (2009) call attention to the
presence of Senonian gypsy marls covered by the Plio-
Quaternary detrital deposits of sands, conglomerates and
sandstones. The geological structures delineate a syncline bor-
dered by the Tidzi diapir, of Triassic age, outcropping east and
south. The main deformations within Essaouira sedimentary
basin are represented by circular diapirs such as the Kechoula
structure, NE-SW to WNW-ESE trending folds, and by
strike-slip faults and by fault zones injected or not by
Triassic salt, trending NNW-SSE to ENE-WSW (Medina
1989; Broughton and Trepanier 1993; Mehdi 1994 in
Galego Fernandes et al. 2009).

Under the influence of the Atlantic Ocean and continental
processes, Essaouira region is characterized by a cool dry
season (January mean temperature around 10 °C) followed
by a hot dry season (2627 °C, July average temperature),
reflected through large spatial and temporal precipitation var-
iability. The mean annual rainfall ranges from 400 to 560 mm
in the High Atlas to approximately 280 mm in the plains
(Bahir et al. 2008, 2015).

Two main aquifer systems have been identified in the re-
gion: (1) a multi-layer aquifer mainly composed by detritial
deposits (sandstones, conglomerates and sands) of the Mio-
Plio-Quaternary age, responsible for the majority of water
supply to the population. This contacts directly with the
Triassic and Cretaceous formations beneath; and (2) calco-
dolomitic layers of Cenomanian-Turonian age (Bahir et al.
2015), representing a karstic aquifer, according to Rachid et
al. (2014), the Turonian horizon crops out on the Jbel Kchoula
between 400 and 700 m above sea level (a.s.l.), while the Plio-
Quaternary layers crop out between the sea level and

300 m a.s.l. The Essaouira basin is represented by a succession
of syncline and anticline structures, crossed by deep fault sys-
tems, ascribed to the Atlas tectonic and Triassic diapirs forma-
tion (Rachid et al. 2014).

Lower Tagus-Lower Sado Basin (Portugal)

The second studied region is located south of Lisbon, part of
the Lower Tagus—Lower Sado sedimentary basin. The
Miocene aquifer constitutes an important water resource for
a large highly industrialized region with highly populated ur-
ban areas. The mean annual temperature in the region is
around 16 °C, and the mean annual precipitation ranges be-
tween 500 and 700 mm. About 15% of the precipitation con-
tributes to the annual recharge.

From the geological and structural point of view, the Lower
Tagus—Lower Sado basin is characterized by a huge synclinal
structure composed by Tertiary sediments, mainly formed by
marine deposits (Simdes 2003). Alluvial and fluvial terraces
are made out of sands and clays representing the Quaternary
and the Pliocene layers, overlaying the Miocene deposits com-
posed by sandstones and limestones of marine origin related
to different marine transgression and regression events
(Fig. 2). These deposits together show an average thickness
around 200 to 300 m, although in the central part of the basin
these values increase up to 800 m (Simdes 2003). Geophysical
studies performed by Astier (1979) in the region indicate the
presence of a graben structure at a depth to which a “saline
formation” was identified. Geological and geophysical data
are not in agreement with the type of saline structure associ-
ated with Setubal-Pinhal Novo graben; a brine formation unit,
ancient seawater trapped in the sediments, or a diapiric struc-
ture at depth are the main hypotheses formulated to explain
the increase in the groundwater mineralization.

Three main groundwater systems are recognized in Sado
basin: (1) the shallow Quaternary aquifer constituted by the
alluvial formations; (2) the Pliocene fluvial terraces composed
by the sands and clay layers; and (3) the Miocene deposits
made of sandstones and limestones, representing the main
water resource in the region (Simdes 2003).

Materials and methods
Sampling and analytical approach

With the main goal of combining isotopic and geochemical
data to trace and compare the salinization origin of the two
sedimentary basins, the selected methodological approach
was similar for both studied basins. In Essaouira basin, two
field campaigns were carried out, during 2004 and 2006; 20
water samples from springs, dug wells and boreholes, from
the coast to inland, were collected and analysed. Physico-
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<« Fig. 1 a Essauoira regional map with the groundwater sample locations
(W Morocco). The orange circles represent the sampled Turonian aquifer
points; the pink circles represent the Plio-Quaternary sampled points. b—¢
Schematic cross sections of Essaouira sedimentary basin

chemical parameters such as temperature, pH, and electrical
conductivity were determined in situ. Total alkalinity was
measured a few hours after collection in the laboratory. The
chemical analyses (major anions and cations) were performed

at the GEOLAB Laboratory University of Marrakech
(Morocco) using the following methods: atomic absorption
spectrometry for Ca** and Mg”*; emission spectrometry for
Na*, K*; ion chromatography for SO4*~, NO;~ and CI". The
isotopic composition was determined by the IAEA-IHS
(International Atomic Energy Agency-Isotope Hydrology
Section) laboratories in Vienna, Austria. The 5°H and 5'%0
composition was obtained by mass spectrometry; the *H con-
centration was obtained using the electrolytic enrichment

Atlantic

Y Sado River

\&""\&:
Legend

[[] Holocene - sands, alluvions and dunes
7] Pleistocene - gravels and fluvial sands 0 4 8 12 16 20km
=ttt
[[I'T]] Pliocene - sands overlying Miocene limestones

) ] o Scale
[[I7] Miocene - continental and marine limestones
=3 Paleogene - torrential deposits

Mesozoic - western margin and Arrabida

(a)

33 027 '|6
D) B woiia Pinhill Novo
18919
15 o7
20e 28 o

ATLANTIC

li and dst
Fault OCEAN
----- Probable fault
NW SE
Barreiro
]
) ' Pinhal Novo - Benavente Fault
River Tagus Benavente — Palmela Fault
100 - Fault :
1
ol RiverTagus i 4 -
aa-e ! i i
-100+ “1 Pliocene
200- -
-300 4
Miocene
-4004
-5004
0 5km
o00d |t——t—| U (C)

Fig.2 a Lower Tagus—Lower Sado basin geology and tectonics (adapted from Simdes 2003); b Location of the sampling sites; ¢ Schematic cross section
of the Lower Tagus—Lower Sado basin (adapted from Simdes 1998 and from Carreira et al. 2014)
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followed by the liquid scintillation counting method (IAEA,
1976). The '*C and '*C determinations were carried out on the
total dissolved inorganic carbon (TDIC) of the groundwater,
precipitated in the field as BaCOj; at a pH higher than 9.0 and
afterwards measured by liquid scintillation counter. The 5'*C
values were obtained by mass spectrometry.

In the Lower Tagus—Lower Sado basin, 40 boreholes were
selected and sampled in five fieldwork campaigns between
November 1996 and 1999, tapping both the shallow
(Pliocene) and the deep confined aquifer (Miocene). The fol-
lowing determinations were performed:

1. The major cations and anions were measured in the
Portuguese National Water Authority laboratories using
the following methods: atomic absorption for Ca** and
Mg?*; emission spectrometry for Na* and K*; and ion
chromatography for SO,>~, NO; ™ and CI . The total alka-
linity was measured a few hours after collection.

2. All the isotopic determinations were performed at C*TN/
IST (Portugal) laboratories, using the mass spectrometer
SIRA 10 VG-ISOGAS for 5°H, 5"°C and 5'*0 determi-
nations. The *H concentration in the water samples was
obtained using the electrolytic enrichment followed by the
liquid scintillation counting method (PACKARD Tri-Car-
Carb 2000 CA/LL), and the radiocarbon determinations
were carried out in TDIC, precipitated in the field as
BaCO; at a pH environment higher than 9.0. In the labo-
ratory, the barium carbonate was transformed into ben-
zene using a synthesis line and afterwards measured by
a liquid scintillation counter (PACKARD Tri-Carb 2770
TR/SL).

The groundwater isotopic composition (*H/'H and
180/1°0 ratios) are reported versus the V-SMOW standard,
using the conventional d-notation, whereas 13C/12C ratios
of dissolved inorganic carbon are reported versus V-PDB
(Coplen et al. 1996). The overall precision was better than
+1 %o for 6°H and + 0.1 %o for 5'*0, following the analyt-
ical methods of Friedman (1953) and Epstein and Mayeda
(1953). In the case of 5'°C, the overall precision was
around +0.1%.. The *H concentration was determined by
liquid scintillation counting after electrolytic enrichment.
The error associated with the *H measurements (usually
around 0.6 TU (tritium units) varies with the *H concen-
tration in the sample. '*C concentration is expressed in
pmC (percentage modern Carbon). The errors associated
with this method vary with the concentration of carbon
available in each sample, and increase with the decrease
of the '*C concentration in the sample (IAEA 2014). For
both regions, tritium analyses were carried out for all sam-
pled water points; however, in a selection of samples, ra-
diocarbon determinations were also performed, depending
on the accessibility of the points and the available budget.

@ Springer

Data treatment
Geochemical calculations

The chemical data were represented in a Durov diagram in
order to evaluate the groundwater chemical evolution along
the flow paths and relation/pattern within the water samples.
The program HIDSPEC, a hydrogeochemical model that cal-
culates the speciation of natural waters (Carvalho and
Almeida 1989), was used to calculate the saturation indexes
(SI) of all the groundwater samples collected in the two re-
search areas. Based on the geological layer, the saturation
indexes chosen were with respect to calcite, dolomite, gypsum
and halite. The same program was also applied to estimate the
ionic balance for each water sample.

Moreover, ionic exchange between the clay matrix and the
groundwater has a very important role in the geochemical
evolution and facies of the water systems, in particular in
sedimentary basins, like in Essaouira and the Lower Tagus-
Lower Sado basins. The ion exchange “process” is able to
modify the ion concentration in the aqueous system to a vary-
ing degree. In order to investigate the importance of this pro-
cess, ion exchange for Ca** and Na* was calculated by com-
paring the difference (An) of the measured concentration
(namy) and that expected if mixing with seawater is occurring
(n(). This Eq. (1) proposed by Pennisi et al. (2006) is based
on the Cl concentration (conservative ion) and the “mobility
behaviour” of Na and Ca:

Any = ny(my—x(c)
Any = nx(mr[nX(o) + (nCl(m)_nCl(O)) (nX(sea)/ ncz(sea))]

(1)

where nx oy and ncy) are the concentrations of ions X and CI
in groundwater not affected by sea water intrusion (mean
composition).

Stable isotopes (6H and §'0)

The groundwater recharge (in both areas) is derived from di-
rect infiltration of precipitation; groundwater samples in this
case will reflect the mean isotopic composition of that regional
precipitation. Sometimes a difference is observed between the
groundwater isotopic composition and the composition of the
regional precipitation. In this situation, assuming that a devi-
ation occurs between the groundwater and the regional pre-
cipitation, an explanation for this variation must be sought
(Fig. 3). Two different hypotheses can be formulated on the
assumption that no evaporation before infiltration has oc-
curred and no mixture between different aquifer units is hap-
pening: (1) recharge can be derived from a different source
other than regional precipitation, for example surface water
(rivers, lakes or dams); (2) precipitation recharge has occurred
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under a different climatic regime, i.c. paleowaters are
involved.

The use of both stable isotopes and radiocarbon as a dating
tool in groundwater systems permits the use of §'*0 and 5°H
data as an archive of ancient climates. The isotopic composi-
tion of groundwater is controlled in the first instance by the
isotopic composition of rainfall in the recharge area. This in
turn, may fluctuate due to several effects: (1) modification in
the vapour source conditions, (2) degree of rainout of air
masses, (3) a shift in the source of moisture, and (4) change
in the isotopic composition of the global ocean (global climat-
ic variations). All these factors are climate-controlled
(Rozanski et al. 1992; Edmunds 2005).

In groundwater salinization studies, it is common to try to
identify a relation between the isotopic and hydrogeochemical
groundwater evolution along the flow paths (Fig. 3b)—i.e., in

dissolution processes the stable isotope concentration of the
water remains invariable, while the water salinity increase is
noticed. A different trend is observed when seawater intrusion
is occurring or has occurred, with a parallel isotopic and min-
eralization enrichment (Fig. 3). This unique characteristic en-
ables the identification of the main processes based on isoto-
pic and geochemical data (Araguas-Araguds and Gonfiantini
1989; Edmunds and Droubi 1998; Carreira et al. 2014).

Radioactive isotopes (*H and 'C)

Tritium can be used as a global transient tracer for studying
dynamics of the hydrological cycle or as a qualitative tracer in
the identification of active recharge and mixing between dif-
ferent hydrogeological units (Avrahamov et al. 2010; Carreira
et al. 2010). Due to its half-life of 12.32 years (Lucas and
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Unterweger 2000), in hydrogeological studies its application
as a dating tool is rather limited, but it has been widely used in
hydrology as an age indicator for young groundwater. The
large quantity of *H release into the atmosphere during the
early 1960s is nowadays decreasing to environmental levels
prior to the thermonuclear tests. Nevertheless, 3H concentra-
tion is very useful not only as an indicator of active recharge of
the aquifer systems but also in the identification of mixing
between aquifer systems (deep aquifers with tritium-free wa-
ter, and shallow aquifers with tritium detectable).

Radiocarbon, with a half-life of 5,730 years, occurs in at-
mospheric CO», living biosphere and the hydrosphere after its
production by cosmic radiation and it is partly associated with
nuclear activities (anthropogenic origin). The '*C concentra-
tion of carbon-containing materials is often given in percent
modern carbon (pmC). The apparent age of groundwater was
calculated using the carbon-14 concentration measured in the
total dissolved inorganic carbon (TDIC), using the following
equations (Gonfiantini and Zuppi 2003):

Co
t = 8267In— 2
n @)

2.3 €13
(H 1000) 3
(5S_5R+ 813)

Co = 100 (STDIC-5R).

where C is the measured '*C activity of TDIC in the ground-
water sample expressed in pmC, and C, stands for “initial”
¢ activity of TDIC (also in pmC). *C activity of soil CO,
has an assumed value of 100 pmC, while d1pc stands for the
measured '>C concentration of TDIC, dy is the 13C concentra-
tion of the carbonates fraction in the reservoir rock matrix, dg
represents the '*C concentration of soil CO,, and ¢ is the '*C
enrichment factor associated with dissolution of soil CO, in
the infiltrating water. For '*C, the enrichment factor during
CO, dissolution is assumed to be 2.3¢;3; the number 8267
stands for the mean lifetime of '*C in years. The value dg =
—22 +2 %o was adopted for calculating the initial "*C activity
using Eq. (2). The value of égr =0+ 1 %0 was adopted for soil
and rock carbonates present in the system. To account for
fractionation during dissolution of soil CO, in the infiltrating
water, two values for €3, 9.0+0.1 and 9.7+0.1 %0, were
used, representing Holocene and glacial conditions, respec-
tively, to account for the temperature dependence of €3
(Mook et al. 1974).

Essaouira Basin (Morocco): results
and discussion

Several hydrogeological research studies have been focused

on the groundwater salinization within Essaouira sedimentary
basin, partially focused on the identification of the main
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mechanisms responsible for groundwater degradation.
Different approaches have been used in the treatment of the
chemical and isotopic data such as mass balance simulation
and principal component analysis (PCA): Hsissou et al. 1999;
Bahir et al. 2000, 2008, 2017; Galego Fernandes et al. 2009;
Ouhamdoucha et al. 2017. According to these studies, the
groundwater degradation can be ascribed to mixing with sea-
water in the littoral areas, whereas in inland regions the appar-
ent contribution of Tidzi diaper to the groundwater saliniza-
tion cannot be ignored. From the 20 groundwater samples
collected during this study from boreholes, dug wells and
springs (distributed from the coastline towards the central part
of'the basin), 15 represent the Turonian formations (karst aqui-
fer system), and the remaining five represent the Plio-
Quaternary aquifer.

Hydrogeochemical approach: water-rock interaction

The hydrogeochemical results obtained for the Essaouira
groundwater samples are reflecting different water—rock inter-
action processes present along the different flow paths. The
depth of the wells—boreholes (B) and dug wells (W)— in the
Turonian aquifer varies between 170 and 13.5 m, while in the
Plio-Quaternary aquifer the depth varies between 45.0 and
12.5 m. Through the Durov diagram (Fig. 4), it is noticed that
most of the water samples from both aquifer systems at
Essaouira are Ca-Mg-Na-HCO5-Cl type. From a hydrogeo-
chemical point of view, no clear difference can be found be-
tween the Turonian and Plio-Quaternary water samples.
Essentially, only the pH values—and the NO; concentrations,
see Table S1 of the electronic supplementary material
(ESM)—signify a clear difference between the groundwater
samples from the shallow and deep aquifers.

A cluster of three samples from the Turonian aquifer (BT9,
ST7 and ST12) can be identified (Fig. 4) based on the low
concentrations of Na and K and the highest concentrations of
SO, and TDS. This facies (Ca-Mg-SO,) should likely be as-
sociated with evaporitic minerals dissolution (gypsum) that
were identified within Essaouira basin. The possibility that
this type of composition can be ascribed only to anthropogen-
ic contamination by agriculture does not seem feasible.
However, the accrual of SO, associated with agricultural ac-
tivities (use of fertilizers or pesticides) is a possibility, but this
hypothesis is not corroborated by the nitrate concentrations
found in these samples (Table S1 of the ESM). There is no
strong correlation between NO5 and SO,4 (r=0.21). However
the hypothesis of a denitrification mechanism within the sys-
tem should not be disregarded; the coefficient of correlation
between NO; and Cl is »=0.57, although the correlation be-
tween the SO4 and Cl (» = 0.19) is negligible. Another hypoth-
esis to be considered is the intermittent application of fertil-
izers and pesticides which can lead to contamination of the
shallow groundwaters. During its path through the unsaturated
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zone (soil), groundwater may gather anthropogenic contami-
nants from the regional application of fertilizers and pesti-
cides, which could cause serious harm to the water resources.
Consequently, some waters could be contaminated during
their up-flow, from the groundwater reservoir to the ground
surface, through processes of mixing with contaminated shal-
low groundwater (Ouhamdouch et al. 2015).

The anthropogenic influence in groundwater degrada-
tion is observed through nitrate determination, with con-
centrations varying from 0 up to 214 mg/L. The Plio-
Quaternary water samples show the highest NO3 concen-
tration, with a mean around 99 +64.6 mg/L. A strong
correlation between the NOs; with Na and with Cl was
found, respectively »=0.73 and »=0.66. Galego
Fernandes et al. (2009) also mention the NO5-Cl relation.
Those authors associated this with an external origin for
both ions with salt remobilization caused by precipitation
after a long period of drought. The strong correlation
(0.73) is possibly due to salts remobilization (increase of
Cl, Na and NO;) and simultaneously to more active an-
thropogenic influence in the basin. During water reuse by
agriculture and any water up-flow, evaporation will in-
duce a salt concentration increase. An additional NO;
source could be attributed to the presence of the sodium
nitrate mineral nitratine, although not mentioned in the
lithological sequence of Essaouira basin. Nitratine can oc-
cur in semi-arid to arid environments. Nitrate can be
replenished by occasional desert thunderstones, which
fix N, from the air (webmineral.com 2016), supporting
the NOj3 increase measured in the groundwater.

Minor correlation (#=0.1 and »=0.2 for the Turonian and
Pliocene aquifers, respectively) is found between the pH
values and the salinity, possibly indicating that the concentra-
tion of the dissolved salts is not related to the acid conditions
of the groundwater but is mainly due to the dissolution of
more soluble minerals (Manno et al. 2007), like gypsum and
halite. Mass balance data were applied to identify the main
mineral dissolution processes that could be responsible for the
main geochemical features within the groundwater samples
(Fig. 5).

Evaporate minerals dissolution was initially assumed to
represent the main processes occurring in the groundwater
flow paths from recharge area to discharge. In Fig. 5,
evaporate minerals dissolution (1:1 straight lines) for cal-
cite, dolomite, gypsum and halite are shown; however,
none of the groundwater samples lies along the different
trend lines. HCO;5 concentration is not strongly correlated
either with Ca or with Mg concentration (Fig. 5a,b)
pointing to a different origin, other than calcite or dolo-
mite dissolution. This increase in Ca?* and Mg>* is de-
tected in both aquifer systems in Essaouira basin.
Highlighted in Fig. 5c, three water samples collected from
the Turonian aquifer appear distant from the rest, and
above the gypsum dissolution line, indicating an impor-
tant income of sulphate, probably partly from gypsum
dissolution and possibly also some contribution from an-
thropogenic activities (agriculture). Moreover, the Na*
and Cl dissolved in the groundwater do not seem to be
primarily associated with halite dissolution, and neither to
seawater/freshwater mixing processes (Fig. 5d).

@ Springer
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Tonic exchange processes in different proportions are able to
modify the ion concentration in the aqueous system. Several
studies (Cates et al. 1996; Martinez and Bocanegra 2002;
Pennisi et al. 2006; Carreira et al. 2014) point to the importance
of subsurface adsorption of Na* by the aquifer matrix, with re-
lease of Ca®*. According to those studies, this mechanism can be
induced by intruded seawater in the geological formations. In
order to estimate the importance of this process, ion exchange
for Ca®* and Na* was calculated by comparing the difference
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(An) of the measured concentration (r,,)) and that expected if
mixing with seawater is occurring (n,). This Eq. (1) proposed
by Pennisi et al. (2006) is based on the Cl concentration (con-
servative ion) and the “mobility behaviour” of Na and Ca.

In the Essaouira case study, these values represent the aver-
age composition of the groundwater samples with an electrical
conductivity lower than 1,000 uS/cm (ST4; WT6 and BT10).
Most of groundwater samples show Na* deficit (Any, < 0) and
none show Ca** excess (Anc, > 0), which does not support the
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hypothesis formulated that the missing Na* in the groundwater
could be the result of cation exchange processes (Fig. Se,f).
Additionally, the saturation indexes (Table 1) of the evaporate
minerals show that all water samples are saturated with respect
to calcite and dolomite (except for BT1, SP18 and SP19) but
under-saturated with respect to gypsum and halite, with the
exception of samples ST7 and ST12. The variability in both
salinity and ion composition found in the groundwater sam-
ples, points to a lithological heterogeneity in the region, which
may change considerably from one part of the basin to another.

Isotopic approach - Essaouira basin

The 5'0 and &6H composition of Essaouira groundwater
samples plot along the global meteoric water line (GMWL),
and along the local meteoric water line (LMWL) presented by
Rachid et al. (2014), roughly parallel to the GMWL (Fig. 6a).
The groundwater samples indicate a meteoric origin, not sig-
nificantly affected by evaporation. The Plio-Quaternary aqui-
fer (mean composition) shows an enriched isotopic composi-
tion when compared with the Turonian water samples, around
0.7 %o in oxygen-18 and around 6% in deuterium (Table 1).
The different isotopic concentrations found between the two
aquifers are due to the different recharge altitudes. The main
recharge area of the Plio-Quaternary aquifer is located on the

Essaouira plain, while recharge of the Turonian aquifer prob-
ably takes place in the High Atlas Mountains (the highest peak
range, elevation of 4,167 m above sea level (a.s.l.). The isoto-
pic depletion measured in sample WP16 could be associated
with mixing with the Turonian aquifer; this hypothesis is also
supported by the Plio-Quaternary average value of 23 °C.

Plotting the oxygen-18 concentration as function of the
total dissolved solids (TDS), CI, Na* and SO,  concentra-
tion (Fig. 6b—e), no clear trend in the seawater/freshwater
characteristics is found. The samples with the highest miner-
alization are dispersed, not clearly indicating a mixing mech-
anism, neither a dissolution process. Only three groundwater
samples from the Turonian aquifer appear as outliers due to
SO, enrichment, which could be associated with gypsum dis-
solution or to anthropogenic activities (Fig. 6e).

Tritium concentration was determined in 10 water samples
with concentrations varying between 0 and 3.4 TU, indicating
an active recharge of the aquifer systems (Table 1). In contrast,
the carbon-14 determinations carried out in five wells do not
agree with the tritium presence in the groundwater system
(samples BT1, WT5 and SP18). As mentioned in the preced-
ing, the apparent radiocarbon age of groundwater was calcu-
lated using the carbon-14 concentration measured in the TDIC
in the present groundwater (Eqs. 2 and 3). The apparent
carbon-14 ages obtained vary from modern to 2.78 ka.

Table 1  Saturation indexes and isotopic data of the groundwater samples from Essaouira research area

Sample Ref. Slca SIp Slayps Slial 5'%0 8°H *H l4c 53¢ Apparent age (ka)
(%o) (%0) (TU) (pmC) (%)

BTI —0.178 —0.234 —0.772 —6.213 -5.39 -314 1.3 67.4 -10.44 1.59

BT2 0.355 0.780 -1.503 =5.610 —4.71 —26.6 0.4 - - -

WT3 0.096 0.323 -1.262 —6.560 —543 -314 1.9 - - -

ST4 0.277 0.371 —2.162 —6.745 -5.69 -32.7 34 - - -

WT5 0.137 0.444 —1.749 —6.857 —5.68 -33.3 1.7 60.5 -10.82 2.78

WT6 0.455 0.974 -1.722 -7.115 -5.32 -31.6 2.0 - - -

ST7 0.903 1.622 0.200 —6.706 —5.43 —343 0.4 - - -

WT8 0.355 0.897 -1.330 —6.566 -5.59 —34.2 - - - -

BT9 0.376 0.764 —0.156 —6.898 —5.88 -35.7 - 86.0 -5.12 Modern

BT10 0.603 1.276 —1.331 —6.375 -5.29 —29.1 0.2 - - -

WT11 0.215 0.430 —2.455 —5.288 —5.63 -35.1 1.0 - - -

ST12 0.693 1.297 0.225 —6.216 —5.48 -343 - - - -

BT13 0.048 0.377 -1.410 —6.415 =525 —29.8 - - - -

BT14 0.070 0.437 —0.947 -5.978 -4.90 —28.9 - - - -

WT15 ND ND ND —6.213 -3.82 -20.7 - - - -

WP16 0.205 0.462 —0.688 ND —6.21 -384 - 60.0 -7.41 Modern

WP17 0.100 0.355 —0.833 —5.555 -4.70 —24.5 - - - -

SP18 —0.084 —0.051 —0.750 —5.546 —4.81 -27.6 0.8 74.4 —8.45 Modern

SP19 —0.144 —0.067 —0.668 —5.255 -4.90 -27.9 - 67.7 -9.18 Modern

WP20 0.369 0.443 —0.875 —5.477 -4.20 -23.7 - - - -

Note: B borehole, W dug well, and S spring; 7Turonian formations (deep), P Plio-Quaternary layers (shallow), S, calcite saturation index, SIp,;
dolomite saturation index, S/, gypsum saturation index, SIy,, halite saturation index, ND not determined
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The presence of tritium in “old” groundwater samples BT'1
and WTS can be associated with the contribution of ‘dead’
carbon from the dissolution of carbonate minerals to the
groundwater system, meaning that the groundwater samples
are much younger than the obtained apparent ages (Table 1).
This hypothesis is supported by the groundwater alkalinity
values higher than 300 mg/L as wells as a high NO; concen-
tration, indicating most probably anthropogenic influence.

Lower Tagus-Lower Sado basin (Portugal):
results and discussion
The Lower Tagus—Lower Sado aquifer system represents an

important water resource for a large region that is highly pop-
ulated and industrialized. Over the last few decades, this
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aquifer system has been extensively exploited, leading to an
increase in the groundwater mineralization and to a growing
concern regarding the quality of the water for human supply,
agriculture and industry. From the recharge area towards the
coastline, an increase in the groundwater mineralization is
observed. The salt concentration (TDS) varies from 80 mg/L
near the recharge area, up to around 8,000 mg/L near the
coastline (Fig. 2). However, this mineralization tendency is
disrupted by the Pinhal Novo graben; geophysical studies per-
formed by Astier (1979) in the region indicate the presence of
a “saline formation” connected to the Pinhal Novo graben
structure that allows mineralisation to rise.

Several hydrogeological studies have been conducted in
the region using hydrodynamic, hydrogeochemical, geophys-
ics and environmental isotope approaches to investigate the
main sources of salinization in the groundwater system
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(Simdes 2003; Carreira et al. 1994, 2014). These studies
showed that the mineralization should be ascribed to uncon-
trolled exploitation, inducing: (1) mixing with highly polluted
shallow aquifers; (2) active seawater intrusion and/or (3) sali-
nization ascribed to brine dissolution detected at depth by
geophysical studies. Ancient seawater trapped in the sedi-
ments, a brine formation unit or a diapiric structure at depth
are possible structures that can be responsible for the ground-
water salinization increase.

Hydrogeochemical approach: water-rock interaction

Natural processes of water—rock interaction are the main
mechanisms responsible for water mineralization along the
Sado basin, although this trend can be locally disturbed by
anthropogenic action in agricultural areas, by the application
of fertilizers or even due to the salts concentration by evapo-
ration of irrigation water (Simdes 1998, 2003). Analysing the
physical and chemical results obtained for the groundwater
samples collected in the different fieldwork campaigns, a pro-
gressive increase in the TDS is observed. The salts concentra-
tion varies from 80 up to 2,565 mg/L in the shallow Pliocene,
while in the deeper Miocene aquifer it reaches values between
200 and 8,000 mg/L near Sado River (Table S2 of the ESM).
In the discharge zones, the rise of the more mineralized waters,
occasionally thermal waters (~26 °C), is detected. These min-
eralized waters can be partly related with mixing with ancient

seawater trapped in the sediments or with brine dissolution
mechanisms. Additionally, the tectonic structures found in
the basin can act as preferential pathways of this deep ground-
water to the surface. A gradual change from Ca-HCO; type
waters to a Na-Cl type is observed when the groundwater-
sample composition is plotted on a Durov diagram (Fig. 7).

The Pliocene and Mio-Pliocene water samples have dis-
tinctly lower pH values when compared with the Miocene;
two evolutionary trends can be recognized based on the anion
concentrations, one associated with an increase in the ClI™
concentration, the other established by SO427 enrichment.
An evolutionary pattern towards the seawater composition
identified in the TDS distribution suggests that mixing be-
tween seawater and freshwater is occurring in the Miocene
aquifer.

The lack of correlation (»=0.21) between the groundwater
mineralization (TDS) and the pH indicates that dissolved salts
concentration in the water is related to the dissolution of most
soluble minerals present in the aquifer matrix and not to the
more-or-less acid environment (Manno et al. 2007). In order
to find out the significance of the dissolution process within
the groundwater evolution, Ca®*, Mg?* and Na* concentra-
tions were plotted versus HCO; SO,* and CI” (Fig. 8).

Two trend lines are observed (Fig. 8a,b), related to Ca and
Mg, pointing to different sources other than calcite and/or
dolomite dissolution. Ca enrichment is also noticed when plot-
ted vs. SO,4 concentration (Fig. 8c). A group of samples
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appears isolated, more enriched in Ca, possibly due to ion
exchange mechanisms and higher contribution of gypsum dis-
solution; these samples define a parallel trend line to the 1:1
gypsum dissolution line.

A strong correlation between the Na and the Cl concentra-
tion (r=0.98) is obtained for the groundwater samples. When
represented in an orthogonal diagram, the samples are placed
along the seawater/freshwater mixing line, approximately
close to the halite dissolution line (Fig. 8d), indicating an
important mechanism responsible for the groundwater geo-
chemical signatures. Yet, another process must be investigated
to clarify the depletion in Na. The Na™ decrease could be
associated with ion exchange mechanisms, corroborating not
only the Na decrease but also the Ca enrichment (Fig. 8c,d).
To verify this hypothesis, the mean composition of the
groundwater symbolising the “initial composition (freshwater
component)” was calculated assuming the average electrical
conductivity was lower than 1,000 uS/cm (n = 20).

The increase in the groundwater mineralization is consis-
tent with an increase in the saturation indexes, as observed in
samples from the Miocene aquifer (Fig. 9). Some of the sam-
ples are saturated with respect to calcite and dolomite, but all
are under-saturated with respect to gypsum. When the Ca**
and Mg** concentrations are plotted versus HCO5~ concen-
tration, the samples do not locate near the calcite or dolomite
dissolution lines (1:1 line). This inconsistency could be due to
ion exchange mechanisms along the groundwater flow path,
explaining the two different evolution trends in the Ca>* and
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Na* plot, both above the line of seawater/freshwater mixing
(Fig. 9e); this reflects the lithological heterogeneities inside
the sedimentary basin, and ionic exchange mechanisms, with
different proportions. The Eq. (1) proposed by Pennisi et al.
(2006) was applied (Fig. 9e,f); most groundwater samples
present a Na* deficit (Ann, <0) and an excess of Ca**
(Anc, > 0), corroborating the hypothesis that the missing
Na* and increasing Ca®* concentration is ascribed to ion ex-
change mechanisms.

Isotopic approach: Lower Tagus-Lower Sado Basin

Most of the groundwater samples collected in the Lower
Tagus—Lower Sado basin are distributed along the GMWL,
although a different trend is defined by the seven groundwater
samples from the Miocene aquifer. These seven samples draw
a parallel line to the GMWL (Table 2); thus, there is no strong
evidence of evaporation prior to infiltration (Fig. 10). One
possible explanation for this isotopic deviation is that the re-
charge occurred under a different climatic regime—a colder
period (Carreira et al. 2014) towards the last glacial maximum
(LGM).

The isotopic composition of the glacial ocean is not well
defined; however, the available information estimates of
changes in 6'®0 range from +1.3%0 (Fairbanks and
Matthews 1978) to +1.0 %o (Schrag et al. 2002). During the
LGM the European continent remained under prevailing west-
erly circulation, with an isotopic continental effect for both
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5?H and 8'%0, similar to the present-day value. (Rozanski
1985; Schrag et al. 2002). The Lower Tagus—Lower Sado
system is located on the Atlantic Coast, it would receive pre-
cipitation mainly from a first-step condensation of maritime
moist air masses. Thus, the isotopic fluctuations of the source
(ocean) will have visible impact on the isotopic composition
of'the newly formed groundwater, greater than the global tem-
perature decrease.

When the 'O isotopic composition of the groundwater sam-
ples is plotted versus the TDS, CI”, Na* or SO427 concentra-
tions, the samples with the highest mineralization plot over or
very close to the seawater/freshwater mixing line (Fig. 10), sug-
gesting that this process is mainly responsible for the ground-
water salinization. This hypothesis is corroborated by ionic ex-
change mechanisms in different proportions along the flow
paths that can be triggered when seawater intrusion is occurring.
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The tritium determinations were carried out on all the
groundwater samples collected during the four fieldwork cam-
paigns. In the Pliocene aquifer samples, the tritium (*H) con-
centration varies between 1 and 3 TU (Table 2), yet no tritium
was found in the Miocene groundwater samples. Radiocarbon
determinations carried out on the TDIC varied in the Pliocene
samples from 71.9+0.7 to 88 + 0.8 pmC, and from 2.9 +0.3
up to 45.6 £0.9 pmC in the Miocene groundwater samples.

The apparent radiocarbon age of the groundwater samples
was calculated using Egs. (2) and (3). A simple model was
used, since the saturation index with respect to calcite is not
significant, and the 5'°C concentration in the TDIC of the
groundwater samples is around —10 %o, indicating a minor
contribution recognised as carbonate dissolution. The estimat-
ed apparent carbon-14 ages of the groundwater samples vary
between modern (Pliocene aquifer samples 5 and 27) up to
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Table2 Isotopic composition and apparent carbon-14 age of the Lower
Tagus—-Lower Sado groundwater samples

Sample TDS &H &0 °H 8C Mc= e

Ref. (mg/L) (%o) (%0) (TU) (%0) (pmC) apparent
age (ka)

1 (M) 1,425 —23.6 429 - — - -

2 (M) 749 - —4.18 — - - -

2a (M) 1,199 226 423 14 - - -

2b (M) 1,708 —27.8 —43 - - - -

2¢ (M) 1,660 254 —429 — -104 129+09 14.6+2.8

2dM) 7,783 -17.8 348 - - - -

3 M) 1,781 - —4.09 — - - -

3a (M) 3,395 —26.1 —4.01 - -92 84+08 172+3.0

3b(M) 4,121 257 —4.16 - - - -

3c(M) 4364 230 444 14 -73 67+06 17.1+3.1

3dM) 298 —21.7 —448 - -10.0 2.9+03 26.6+3.1

4 (M) 539 -28.0 —4.73 1.3 —12.1 59+0.5 223+29

5(P) 226 - —4.58 — - - -

5a(P) 642 -25.6 —4.63 03 - - -

5b (P) 817 -29.7 —4.68 — - - -

5¢ (P) 1,775 293 —4.68 — -17.9 88.1+0.8 32+25

5d (P) 2,558 206 43 14 - - -

6 (M) 238 -31.4 —481 - - - -

7 (M) 713 —23.6 —423 - - - -

8 (M) 298 - 427 — - - -

8a(M) - —233 —-424 - - - -

b M) 219 -26.7 —4.51 0.8 — - -

8 (M) 291 -21.6 —437 - - - -

9(M-P) 216 243 —-452 - - - -

10 M-P) 113 -238 —4.73 - - - -

11 261 242 -436 - - - -

12 (M-P) 82 -232 —4.65 12 - - -

13 (M-P) 124 244 458 - - - -

14 M-P) 175 —23.4 —4.63 — - - -

15 (P) 81 -258 —4.75 - - - -

16 M-P) 219 -25.0 —4.58 - - - -

17(M) 266 -257 471 14 - - -

18 (P) 113 —248 —461 1.6 - - -

19 (P) 90 -21.1 —4.56 — - - -

21 (P) 218 -282 —5.05 26 —17.6 71.9+0.7 48+£25

22 (P) 261 248 —-4.75 - - - -

23 (P) 272 273 —4.57 - - - -

24 (P) 213 —282 —4.67 - - - -

25(M) 314 -26.7 —4.50 — - - -

26 (P) 198 =263 —4.74 - - - -

27 (P) 2,043 245 450 — —10.0 85.6+3.3 Modern

28(M) 348 -27.0 —4.59 - - - -

29 (P) 219 273 475 - - - -

30M) 214 —24.6 —4.64 — - - -

31 (M) 1,043 236 —434 - —10.5 458+0.6 42+26

32 (M-P) 535 -27.6 —4.65 — -12.9 328+0.5 8.7+2.5
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Table 2 (continued)

Sample TDS &H &0 °*H s“C "cC= e
Ref. (mg/L) (%o) (%0) (TU) (%0) (pmC) apparent
age (ka)

33M) 296 —22.5 —4.60 — - - -

34(M) 481 —24.0 —4.57 - - - -
35(M) 191 —22.2 —4.64 - - - -
36(M) 280 —229 —4.62 - - - -

37TM) 274 —24.6 —435 - - - -
38 (M) 1,415 —26.1 —4.61 — - - -
39M) 490 —258 —4.58 - -10 10.8+0.7 158+28

42M) 2287 - 409 - - - -
42aM) 3929 209 -317 — 81 56+12 195+44
42b (M) 4507 242 -388 — - - -
42c(M) 4594 214 -388 — -  71+12 174+39
43 M 810 - 44 - - - -
43a(M) 875  —23.6 —437 — 695 3.1+04 23.1+35
43bM) 979 291 —459 1 - - -
43c(M) 994 279 —465 —  —7.08 4.0+04 21.1+32

Note: P Pliocene aquifer; M-P Mio-Pliocene aquifer, M Miocene aquifer

26.6+3.1 kaBP (Miocene aquifer sample 3d). The *C appar-
ent ages obtained for the deepest aquifer indicate the possible
presence of paleowaters (with exception of borehole 31), with
an average age around 19 ka Bp (Table 2), pointing to a pos-
sible recharge during the LGM.

Two evolution trend lines for the Miocene groundwater
samples can be identified when the groundwater mineraliza-
tion (TDS or CI” concentration) is plotted against the appar-
ent groundwater age, possibly established by different salt
origins: brine dissolution, evaporitic dome dissolution, or an-
cient seawater trapped in the sediments. Equally, active sea-
water intrusion appears to play the dominant role in water
mineralization of the Pliocene aquifer in the northern part of
the basin, near the Tagus River, where the increase of salini-
zation is not followed by a groundwater age increase
(Fig. 10f). The strong positive correlation between
mineralization and ageing of the groundwater indicates
mixing with ancient seawater trapped in the sediments of
the basin during its formation. This trapped seawater has no
14C in their composition, and thus is 14C free. In this case, the
increase of salts in the groundwater system may be ascribed
to the ancient seawater trapped in the sediments during the
sedimentary basin formation. A similar effect was presented
by Sukhija et al. (1996) for a coastal area of Madras, India,
and by Avrahamov et al. (2010) in a research project carried
out on the saline groundwater in the Dead Sea area (Middle
East) involving attempts to date brines. Those projects distin-
guished paleomarine and modern seawater intrusion on the
basis of a combined approach using radiocarbon, trititum and
hydrogeochemical data.
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Assuming that recharge of the deep aquifer took place dur-
ing the LGM, the relation between the '*C apparent ground-
water ages of samples and their isotopic composition (5°H and
§5'80) was investigated in order to identify the “presence of a
cooler period” recorded in the groundwater system. The re-
search works carried out by the authors on Aveiro coastal
aquifer, northern Portugal (Carreira et al. 1996; Carreira
1998), found a different isotopic evolution from the
European continent, i.e. the paleowaters infiltrated during
the LGM are more enriched than the modern regional precip-
itation. This pattern was also observed in Namibia and in the
Florida coastal aquifers, USA (Vogel et al. 1982; Plummer
1993). One possible explanation for this difference in trend
must be related to the preferential removal of the lighter iso-
topic species ("H and '°0) during polar ice cap formation.
This isotopic fractionation induced an isotopic enrichment in
the residual oceanic water. According to the results of the
aforementioned projects in Aveiro, Namibia, and Florida,
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coastal-aquifer isotopic composition will reflect (1) the isoto-
pic modifications that occurred in the ocean during that peri-
od, and not the atmospheric temperature variations, and (2) the
position of the polar front during the LGM. Great Britain and
all of Central Europe were covered by an ice mass, while the
Iberian Peninsula (the Sado Basin and Aveiro) experienced a
colder climate of about 5-6 °C, values supported by noble
gases determinations (Carreira 1998; Edmunds 2005).

In the case of the Lower Tagus—Lower Sado basin, the
groundwater dating indicates the presence of paleowaters
recharged during the LGM; however, the isotopic indicator
of a different colder period for this time period will be masked
by the mixing with a different water body (ancient seawater
mixing). Nevertheless, the mean isotopic composition was
estimated using the isotopic composition data of all water
samples with a TDS <650 mg/L from the deep (Miocene)
aquifer (maximum limit of salinity settled to calculate the
mean isotopic composition of the groundwater) in the region,
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and the mean isotopic composition of the shallow aquifer
(Pliocene). The difference in '®0 content for these two aqui-
fers is 0.20 %o (Miocene aquifer: 8"80 1 0an = —4.54 £ 0.14 %o,
n=17; Pliocene aquifer: 5"80 mean=—4.71£0.15 %o, n=9).
The Miocene aquifer is isotopically enriched when compared
with Plio-Miocene or Pliocene waters. This may indicate an
isotopic composition evolution similar to the one observed in
Aveiro palacowaters (Carreira et al. 1996).

Final remarks

Coastal groundwater resources represent relatively multiface-
ted systems that are not easy to understand, are under complex
hydrogeological conditions and often involve human inter-
vention. In previous research, this type of system was studied
in a “simple way”, where seawater intrusion was the only
mechanism considered able to modify the groundwater com-
position. Knowledge is sought on the origins of the salinity
and the means of preventing the salinity impacts, and therefore
the use of integrated geochemical and isotopic methods is
important to understand the wide range of salinity issues.
This knowledge is fundamental in the context of deterioration
of water quality resulting from anthropogenic actions such as
pollution or over abstraction of groundwater resources.
Among the human factors, the intensification of salinity di-
rectly by pollution or indirectly by agricultural activities, and/
or excessive pumping, will lead to intrusion of saline ground-
water into the freshwater system. Environmental isotopes to-
gether with the geochemical data provide, beyond question, an
effective marker for seawater and freshwater, and enable trac-
ing of seawater intrusion and identification of processes that
may be responsible for water salinization.

Comparison synopsis: Essaouira vs. Sado basin

The main goal of this work was to understand the salinization
processes present in the groundwater systems of two sedimen-
tary basins under similar climate and geological settings, using
comparable approaches. In Essaouira basin, the groundwater
salinity does not increase linearly down gradient; no clear
trend of seawater/freshwater mixing was identified by the geo-
chemical approach or by use of isotopes. The groundwater
samples from the shallow Miocene aquifer are dispersed and
did not clearly point to a mixing mechanism or to dissolution
processes, as the major processes responsible for the mineral-
ization increase. However, the water samples from the shallow
aquifer are strongly correlated by TDS and Cl , indicating that
chemical reactions within the aquifer are clearly occurring
through halite dissolution. Active recharge is occurring and,
based on tritium concentration and by using the '*O fraction-
ation with altitude, one can assume that the recharge area for
the deep aquifer should be in the High Atlas Mountains, about
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200 km from Essaouira. The apparent carbon-14 ages obtain-
ed vary from modern to 2.78 ka BP. The discrepancy between
*H and '*C concentrations in the water—rock interaction pro-
cesses must call on the contribution of ‘dead’ carbon from the
carbonate minerals to the groundwater system, leading to
older carbon-14 apparent ages (Table 1). This hypothesis is
supported by the groundwater composition with alkalinity
values higher than 300 mg/L as well as a high NO3™ concen-
tration, indicating most probably anthropogenic influence and
partially to dissolution of the sodium nitrate mineral nitratine.
No paleoclimatic record was identified within the Essaouira
basin’s deep groundwater system.

In contrast, in the Lower Tagus—Lower Sado basin, the
natural processes of water—rock interaction are the main mech-
anisms responsible for water mineralization, although inter-
mittent evidence of anthropogenic activity in some agricultur-
al areas is found (salt concentrations increase in the ground-
water by evaporation of the irrigation water and via the impact
of fertilizer usage). Two different geochemical evolution
trends, both diverging from the seawater/freshwater mixing
line, are associated with different flow paths with different
percentages of carbonate minerals. lon exchange mechanisms
occurring along the groundwater flow path are able to influ-
ence the ion concentration of the water, especially Ca** and
Na™. The groundwater geochemical characteristics and distri-
bution within the basin are influenced by the occurrence of a
heterogeneous saltwater/freshwater interface, due to the
layering of the coastal aquifer system, and the interface moves
inland. The alternative hypothesis—that of carbonate-
equilibrium control of the alkaline earth elements and propor-
tional Na increase associated with dissolution of evaporitic
minerals—seems not be applicable in this particular case.

The apparent groundwater age estimated for the deeper
Miocene aquifer (average value) is around 19 ka Bp, indicating
the presence of paleowaters. Active seawater intrusion ap-
pears to play a major role in the groundwater mineralization
in the shallow Pliocene aquifer, in the northern part of the
basin; the increasing trend in salt concentration is not followed
by groundwater ageing. However, in the southern area of the
basin, near Setibal, the deeper groundwater salinization is
linked to an increase of the apparent '*C ages. In this case,
the increase of salts in the groundwater system can be ascribed
to ancient seawater trapped in the sediments, during the sedi-
mentary basin formation. Besides this, the isotopic enrichment
observed in the Miocene aquifer when compared with the
Pliocene water samples, was most probably caused by isoto-
pically heavier ocean water during the last glacial maximum
(LGM).

Conclusions

The use of geochemicals and isotopes as tracers to identify
and characterize the origin of salts in groundwater systems
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proved to be more effective when used simultaneously. In the
two case studies (in Morocco and Portugal), the joint use of
geochemical and isotopic tracers (stable and radioactive envi-
ronmental isotopes) proved to be highly effective in the iden-
tification of salinization origin. The groundwater stable isoto-
pic composition (§*H or 5'%0) demonstrated, without any
doubt, to be a unique tool to distinguish between seawater
mixing and dissolution of evaporitic minerals (halite).
Complementary groundwater dating using "*C helped to dis-
tinguish between the modern or ancient saltwater bodies that
are mixing with the freshwater system such as seawater,
brackish or brine waters. This joint approach provided a better
understanding of the variable nature of groundwater mineral-
ization, which can help to optimize the use of groundwater
resources in coastal regions.
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