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Environmental stable (5'80, 82H, 8'3C) and radioactive (*H and '“C) isotopes, together with geochemical
data were used to identify the origin of salinization in different environments. Three case studies from
sedimentary basins of continental Portugal are presented: (i) two at the Meso-Cenozoic Portuguese
southern border (Algarve basin) and (ii) one at the Lower Tagus-Lower Sado basin (central Portugal), with
a new data interpretation. Groundwater salinization occurs in all three cases, and may reach values of
several grams of Total Dissolved Solids per liter; above accepted limits for drinking water. The source
of this high mineralization could be: (a) seawater intrusion (ancient or modern); (b) dissolution from dia-
piric structures intruding on the aquifer systems; (c) brine dissolution at depth; and (d) evaporation of
irrigation water. The results obtained have provided an effective label for seawater and freshwater, to
enable seawater intrusion to be traced, as well as the identification of other processes that might be

responsible for groundwater salinization, such as salt minerals dissolution and ion exchange.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Steady increase in the salinity of most of the major aquifers
being used for water supply in coastal regions, in particular in
areas under arid and semi-arid conditions, provide evidences of
water quality deterioration (e.g., Shi et al., 2001; Kim et al., 2003;
Cartwright et al., 2004; Pulido-Leboeuf, 2004; Klein-BenDavid
et al., 2005; Jalali, 2007; Bouchaou et al., 2008). This increase in
mineralization of groundwater resources is often due to inflow of
saline (dense) water, during heavy withdrawals of fresh water
from coastal aquifers, and/or mobilization of saline formation
waters by overexploitation of inland aquifer systems. Not only sea-
water mixing is responsible for water resource degradation. Water
pollution due to extensive irrigation and the use of fertilizers and
other pesticides is also growing all over the world. As a conse-
quence of the different income sources for groundwater quality
deterioration, it is necessary to identify and characterize the spe-
cific processes involved. Among the different approaches, isotope
techniques are particularly effective for identifying the source of
salinity and renewability of groundwater all over the world (e.g.,
Carreira, 1991; Cabral et al., 1992; Carreira et al., 1994, 2010; Gaye,
2001; Kim et al., 2003; Cartwright et al., 2006; Moller et al., 2007;
Bouchaou et al., 2008; Carol et al., 2009; Koh et al., 2012).
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The differences observed between the stable isotopic composi-
tion of groundwater and that of local precipitation composition can
be due to: (i) different recharge episodes; (ii) to different recharge
sources (for example surface waters and precipitation) or (iii) even
to contamination inputs by mixing processes between different
aquifer systems, which can lead to an isotopic deviation between
groundwater and local precipitation.

On the Portuguese mainland, seawater intrusion has been de-
scribed along the Atlantic coast from Aveiro, in the N of Portugal,
to Algarve in the S, usually in relation with sedimentary basins.
In these areas, the overexploitation of groundwater has resulted
in salinization extending inland. This has worsened in recent dec-
ades, especially during the summer months when both the local
population is boosted by significant numbers of tourists and de-
mand for irrigation water peaks.

In this paper three case studies will be presented, where the
main goals were to identify and understand the importance that
different salt origins (ancient or modern seawater intrusion, disso-
lution of evaporitic minerals) could have on the groundwater qual-
ity deterioration for human uses and the characterization of the
specific processes involved.

Environmental isotope studies were applied in order to assess
the origin of salinization. These were complemented by geochem-
ical investigations, which in some cases were not able to resolve
the questions. Both regions (Algarve and Sado groundwater
systems) are found near the coastline, within sedimentary basins
where the presence of evaporitic minerals dispersed or
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concentrated in the geological layers is not unusual. Three case
studies on coastal aquifers will be presented: (i) two at the
Meso-Cenozoic Portuguese S border (Algarve basin), and (ii) a third
one at the Lower Tagus-Sado sedimentary basin (central Portugal).
In all these case studies groundwater salinization occurs, reaching
values of several grams of Total Dissolved Solids (TDS)/L. Based on
the geological features of each area the source of this high miner-
alization could be ascribed to: (a) seawater intrusion; (b) dissolu-
tion of diapiric structures, intruding the aquifers, or spreading
saline minerals; (c) brine dissolution at depth or mixing with an-
cient seawater and (d) evaporation of irrigation water.

2. Analytical methodology
2.1. Background

A qualitative and quantitative characterization of groundwater
recharge is essential to ensure the sustainable development and
management of groundwater resources. A reliable estimate of re-
charge rate can be obtained on the basis of classical approaches,
such as water level monitoring (Custédio and Llamas, 1983). How-
ever, examination of isotopic composition allows a differentiation
of recharge and even precipitation sources, and hence of recharge
mechanisms (Fig. 1a). Isotopic composition of groundwater (5'%0
and &%H values) is defined by the isotopic signatures of recharge.
If most of the recharge is derived from direct infiltration of precip-
itation, the groundwater will reflect the isotopic composition of
that precipitation (Craig, 1961; Dansgaard, 1964; Rozanski et al.,
1992; Gourcy et al., 2005). However, if most of the recharge is de-
rived from surface water (rivers or lakes) instead of precipitation,
the groundwater will reflect the mean isotopic composition of
the contributing river or lake waters. On the other hand, it should
be noted that in some cases the isotopic composition of precipita-
tion may be close to that of river waters (Fritz, 1981). However in
large and sometimes in small basins rainfall isotopic composition
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Fig. 1. (a) 5°H vs. 8'%0: change in isotopic composition of the groundwater
associated with different processes (adapted from Gat, 1981). (b) '0 vs. salinity:
change in isotopic composition of water, ascribed to different salinization processes
(adapted from Gonfiantini and Araguds, 1988).

can diverge, and the river will be a proportional mixing of all
rainfall contributions (Mas-Pla et al., 2013). This deviation (surface
waters—-groundwaters) will be more perceptible when a topo-
graphic gradient is well defined.

Stable isotopes provide an effective label for seawater and
freshwater, to enable tracing of seawater intrusion, as well as iden-
tifying other processes that might be responsible for groundwater
salinization. Evolution of stable isotope concentration of water
during different processes related to water salinization is
presented in Fig. 1b. In studies dealing with seawater intrusion
and the identification of groundwater salinization processes, it is
common to consider both isotopic and hydrochemical evolution.
Such an approach enables the salinization process (or processes)
to be clearly distinguished, for cases where freshwater salinity
may be caused by direct seawater intrusion, leaching of salt forma-
tions, mineral dissolution, or salt accumulation due to evaporation
(Araguas-Araguas and Gonfiantini, 1989; Edmunds and Droubi,
1998; Yurtsever, 1997). During salt formation or mineral dissolu-
tion processes, the stable isotope content of the water is not af-
fected but water salinity increases (Fig. 1b). This is a unique
feature that enables identification of such processes based on iso-
topic and geochemical data.

In hydrological settings in which groundwater is old
(>10,000 years), regional climatic conditions at the time of
recharge may have been different from those existing today, and
this is reflected in the isotope composition of the groundwater.
The present-day characteristic values in '%0 and in 2H observed
in precipitation may be used as sensitive indicators of change
and complexity in past temperatures, precipitation patterns and
air masses circulation. Past rainfall stored as palaeogroundwater,
provide evidences of former climatic conditions. Climatic changes
are expressed primarily as (i) isotopic depletion relative to modern
groundwaters with reference to the meteoric water line; (ii)
change in deuterium excess, signifying changes in humidity in
the air mass as it detaches from its primary oceanic source moving
over arid regions; and (iii) local condensation and evaporation
effects within the colds or in falling rain (Rozanski et al., 1992;
Edmunds, 2005).

Moreover, if the flow regime is simple and mixing is negligible,
the aquifers can serve as archives of information about environ-
mental conditions at the time of recharge (e.g., Rozanski, 1985;
Rozanski et al., 1992; Darling et al., 1997; Edmunds and Droubi,
1998; Edmunds, 2005; Bouchaou et al., 2008). The stable isotopes
of hydrogen and oxygen in palaeowaters (groundwater recharged
under climate conditions different than today) reflect the air tem-
perature at land surface and the air mass circulation (origin of
moisture) at the time of precipitation and infiltration (e.g., Rozan-
ski, 1985; Stute et al., 1995; Edmunds, 2005). Therefore, dating
groundwater will help in the identification of the seawater intru-
sion mechanism, i.e., if we are dealing with modern or ancient salt
water bodies such as seawater, brackish or brine waters.

Groundwater dating with '“C is not an easy procedure, in par-
ticular in carbonate aquifers or even when carbonate layers are
present within the geological strata, as occurs in the Lower
Sado-Lower Tagus sedimentary basin. In a simple approach to
carbon-14 dating of groundwater systems it is assumed that '4C
“travels” with the water molecules along the flow path, and that
the main mechanism that is changing the '“C content of the
groundwater (Total Dissolved Inorganic Carbon - TDIC) is “pure”
radioactive decay. However, the isotopic signature of the '“C may
be diluted, particularly by '“C-free sources, leading to apparent
groundwater ages higher than reality (Carreira et al., 2008).

A common and straightforward way to estimate the initial 14C
activity is by relating the 5'3C content of the DIC in the groundwa-
ter to the mixed carbon from carbonate rocks, using carbon from
soil CO, and a fractionation factor between the different carbonate
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phases as a function of temperature (Salem et al., 1980; Gonfiantini
and Zuppi, 2003). The equation proposed by these authors is the
following and was used to estimate the apparent radiocarbon ages
of the groundwater samples from Lower Tagus-Lower Sado basin:

t = 82671In(C,/C) 1)

and

Co = [100((5'[[)1(: — BR)(‘I =+ 23813/1000)]/(65 — (SR + 813) (2)

The apparent carbon-14 groundwater age was estimated using
the 8'3C value as a correction factor, assuming a closed model
where t is time (age), C is the measured 'C activity and C, is the
“initial” C activity in the (TDIC) in the measured groundwater
(expressed in pmC). It has been assumed that the '*C activity of
the soil CO, is equal to 100 pmC. Srpic is the measured '3C content
of soil CO,, d is the 13C content of CaCO5 in the soil and in the rock
matrix, ds represents the >C content of soil CO, whereas &;3 stands
for the '3C enrichment factor during dissolution of soil CO, in the
infiltrating water.

2.2. Sampling and analytical methods

Concerning the three case studies described in Section 1: a total
of 74 water samples were collected in Algarve basin (Fig. 2;
Table 1). Within the Portimdo-Estombar area two sampling
campaigns were performed. The O and H stable isotope composi-
tion of the water samples were determined using a Finnigan Mat
250 and VG Micromass, following the analytical methods of Fried-
man (1953) and Epstein and Mayeda (1953), with an accuracy of
+1%o for 8%H and 0.1%o for §'20.
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The tritium (*H) content was determined using the electrolytic
enrichment and liquid scintillation counting method (IAEA, 1976;
Lucas and Unterweger, 2000) using a Packard Tri-Carb 2000 CA/
LL. The error associated with the >H measurements (usually around
0.6 tritium units (TU)) varies with the *H concentration in the
sample.

At the Lower Tagus-Lower Sado basin a total of 40 boreholes
waters were sampled in different field work campaigns. Stable
isotopes (?H, 'C and '80) were measured using a SIRA 10 mass
spectrometer from VG ISOGAS following the analytical methods
of Friedman (1953) and Epstein and Mayeda (1953), while '3C
and !“C determinations were made on the TDIC (Total Dissolved
Inorganic Carbon) of groundwater, precipitated in the field as
BaCO; at a pH higher than 9.0. The counting rates of the 'C
(benzene) were measured using a liquid scintillation counter
(PACKARD TRI-CARB 4530). '“C content is expressed in pmC
(percentage of modern carbon). The errors associated with this
method vary with the amount of carbon available in each sample,
and increase where '#C content is low. The '3C values are re-
ported in %o to V-PDB (Vienna-Peedee Belemnite) standard, with
an accuracy of +0.1%.

In all water samples, major elements were determined in the
National Water Authority laboratories, using the following meth-
ods: atomic absorption for Ca** and Mg?*; emission spectrometry
for Na*, K*, and ion chromatography for SO2~, NO; and Cl".

The program HIDSPEC, a hydrogeochemical model that calcu-
lates the speciation of natural waters (Carvalho and Almeida,
1989), was used to calculate the saturation indexes (SI) of the
waters with respect to calcite, dolomite and gypsum. The same
program was applied to calculate the ionic balance for each water
sample; the errors range from 0.3% up to 6.7%.
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Fig. 2. (a) Geological map of Algarve basin showing the two selected sectors (adapted from Lopes, 2006). (b) Location of the most important diapiric structures in Algarve

basin (adapted from Costa et al., 1985).
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Table 1
Algarve basin, south of Portugal: physico-chemical and isotopic data ascribed to the groundwater sampling sites in Portimao-Estombar and Faro-Tavira area.
Portimao-Estombar Faro-Tavira
Sample EC cl 3'%0 &°H PHto Sample EC cl 5'%0 &®H 3H#o  Sample EC cl 5'%0 &H  cHto
(pS/em) (mg/L) (%0) (%)  (TU) (uS/em) (mg/L) (%) (%)  (TU) (uSfem) (mg/L) (%) (%)  (TU)
61(*) 4160 11502 -3.99 -24.7 48+02 1(%) 940 119.5 -435 -242 8704 26() 1400 236.6 -4.28 -248 33+04
62(%) 2920 788.1 -3.79 -24.0 2(%) 1300 203.8 -4.52 -249 13+03 27(") 700 106.5 —-4.57 -263 145+0.5
63(%) 1490 3053 -429 -241 4.0+02 3(9) 960 1195 —-4.50 -25.7 28(") 740 120.7 —-4.12 -22.6
64(") 840 923 -4.26 -273 4(7) 1200 1476 -4.42 -246 29(") 700 49.7 —-430 -24.1
65(%) 792 852 -438 -262 7.8+03 5(%) 2680 688.8 —-435 -238 30(%) 750 56.8 —-440 -26.7 125%04
67(%) 660 639 -4.14 -262 10903 6(9) 1500 2320 —-4.37 -253 13+03 31() 670 56.8 —4.37 -25.2
71() 850 106.5 —-4.27 -248 54%03 7(%) 750 53.0 -426 -227 32(") 1200 49.7 —-441 -25.1
72($) 7700 24140 -358 -223 65204 8(") 3300 866.2 —4.21 -232 22+03 33(%) 890 994 -433 -249 10.6+03
73() 6250 18744 -3.78 -229 5704 9() 1000 120.7 —-4.63 -248 34(%) 800 780 —-4.44 -258
74(¢) 10,150 32802 -3.49 -21.5 48+04 10(") 1080 1775 —-432 -27.8 35(%) 3830 10326 -3.96 -23.1
75(¢) 10,200 32944 -3.45 -209 55+04 11(%) 910 142.0 -4.45 -272 7.7+04 36(") 640 355 —-435 -26.9
78(%) 892 1278 —-4.16 -257 58%04 12(%) 1500 2840 445 -274 6.0+04 37(") 1500 3729 -429 -228
61a(*) 1406 —-4.36 13() 1670 3195 —-435 -26.5 38(") 1610 3084 -334 -205 83%03
62a(*) 5040 -3.94 14() 1060 142.0 -4.60 -27.6 5604 39(%) 6950 22947 -427 -249 0603
63a(*) 1768 —4.23 15(%) 1150 1775 —-4.60 -274 40(%) 920 120.7 -433 -284
64a(*) 921 -3.71 16(*) 1030 1270 -445 -274 41(%) 910 1420 -478 -273 6.5%0.2
71a() 1067 —-4.12 17(%) 1260 189.8 -3.97 -23.7 86x04 42(°) 2100 4947 —-4.21 -256 9.7+0.3
72a() 7250 -3.59 18(*) 3050 7873 422 -272 43(%) 5800 1721.0 —-425 -247 42+0.2
74a(¢) 10,130 —-3.34 19() 2100 3374 -450 -26.9 44(d) 9550 2946.5 -3.74 -198 7604
78a(*) 1056 —4.18 20(%) 1350 2460 —-439 -254 5.6+04 45(7) 5500 15489 —-4.00 -23.7 7.6+03
99(*) 6300 —3.84 21(%) 1100 140.6 -437 -274 24+04 46(°) 3800 867.6 —4.24 -256
101(%) 980 —4.22 22(%) 1300 239.0 -432 -25.2 47(%) 1540 2438 -419 -248 6.6x03
102(%) 998 —-4.16 23(%) 1040 161.7 -421 -248 89x04 48(") 3800 989.6 —4.45 -250 45+03
72b(¢) 7240 ~3.63 24(") 1200 2179 -4.09 -25.6 49(") 2280 5163 -4.53 -27.4
25(%) 800 844 432 -258 50(*) 1300 3083 -459 -253 39%03

Notes: (¢) stands for spring and (*) for borehole waters.

3. Case study: Algarve sedimentary basin-southern Portugal
(Portimido-Estombar and Faro-Tavira)

3.1. Hydrogeological setup

The Algarve basin is located in the south of the Portuguese
mainland and is characterized by a warm Mediterranean climate.
From the hydrogeological point of view this sedimentary basin is
mainly composed of Tertiary karstified limestones and Quaternary
alluvial deposits, which represent the main water bearing forma-
tions in the Algarve coastal belt. Along the southern coast, inten-
sive exploitation of existing karst aquifers, plus the occurrence of
diapiric tectonics and disseminated salt diapir intrusions, may
bring about problems of exhaustion and quality degradation of
local/regional groundwater systems. Although aquifer potential is
high, the large demands made by irrigated agriculture and tourism
make fresh water a scarce commodity. In this region severe
groundwater salinization occurs, and may reach values of several
grams of TDS/L. There are two main sources of solutes: (i) seawater
intrusion as a consequence of intense exploitation and, (ii) dissolu-
tion of several diapir structures (of evaporitic origin) intruded in
the aquifers, or of dispersed evaporitic minerals such as halite
and gypsum.

3.2. Results and discussion

More than 150 borehole and spring waters were regularly
sampled around the Algarve coast, between Portimao on the West
and the Spanish border on East (Fig. 2), though in the present study
only results from 65 selected sampling points will be discussed.
The field work was performed between 1986 and 1989. The electri-
cal conductivity of the groundwater samples range from 500 up to
10,500 pS/cm. The 5'80 composition was determined in all water
samples, while 8*H and H were only measured in the samples
from the first field work campaign. Seawater was collected in order

to calculate the mean isotopic composition of the Atlantic ocean
around the south of Portugal the values obtained are:
82H = 4.5 + 2.7%0 (n = 10) and 5'%0 = 0.98 + 0.3%c (n = 28). The mean
electrical conductivity was 51,704 + 2400 pS/cm (n = 28).

In a considerable number of sampling sites the groundwater
salinity and isotopic content vary significantly with time, although
not always with similar trends. The initial research area was sub-
divided in four zones based on the structural geology and main
groundwater flow directions (Costa et al.,, 1985; Silva et al,
1986). In this paper the results presented and discussed are as-
cribed only to two areas: Portimdo-Estombar and Faro-Tavira
(Fig. 2), since these sectors present the greater groundwater salini-
zation problems where the isotopic data interpretation was crucial
in the identification of the origin of salinization processes (Table 1).

(i) Case Study I: Portimdo-Estombar

In the first sector situated near Portimado, in the W part of the
Algarve basin, several karst springs can be found issuing along
Arade river banks, near Estombar. Groundwater samples were col-
lected from Estombar springs as well as from boreholes that were
drilled through the karstic aquifer in the same locality. In all
groundwater samples, isotopic composition (§°H and 5!%0) was
determined and field parameters such as electrical conductivity,
pH and temperature were measured in situ.

Plotting the isotopic data (8%H vs. 8'20) (Fig. 3a) or the 8'80 val-
ues as a function of electrical conductivity (Fig. 3b), the groundwa-
ter samples (Estombar springs and part of the boreholes) are
displayed along a seawater-fresh water mixing line, as clearly
shown by the correlation between oxygen-18 and electrical
conductivity (Fig. 3b). In both diagrams, the theoretical seawa-
ter-fresh water mixing line and the regression line drawn through
the data points almost overlap, indicating clearly that the ground-
water samples are the result of a mixture of seawater and fresh
water. Using the mean isotopic composition of the seawater
samples (8°H = 4.5%. and §'80 = 0.98%o) collected along the Algarve
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Fig. 3. (a) 8%H vs. 8'80; (b) 5'%0 vs. electrical conductivity for groundwater samples from Portimao-Estombar area (sector I). The symbols (@) stands for the Estombar springs
and (O) stands for boreholes. The line (...) stands for the seawater-fresh water mixing line, and (—) represents the regression line.

coast line and the mean composition of the groundwater (water
samples with electrical conductivity below 1000 pS/cm) as refer-
ence for the “initial isotopic and physico-chemical composition”
(8°H = —26.04%0; 8'80 = —4.24%0; E. Cond. = 807 puS/cm), the per-
centage of seawater was calculated for different selected water
sampling points using the following equation (Table 2):

X = [(Camy — C0))/(Ciseay — C0))] x 100 3)

where X stands for the percentage of seawater in the mixture, Cm)
the composition in the mixture; Cyo) the same parameter in the
groundwater mean value, and Cge,) stands for the concentration
in the sea. The percentage of seawater obtained for the same
groundwater “point” are in agreement using the isotopic values
(5'80 and &2H), the physical (electrical conductivity) and the chem-
ical parameters (chloride). The values similarity within the “same
point” (percentage of seawater) using the different parameters is
indicative of a sea-fresh water mixing mechanism as the main
mechanism responsible for the groundwater mineralization.

The results obtained are in agreement with the work presented
by Geirnaert et al. (1986), performed in the same research area,

Table 2

which had also applied stable isotopes (3'%0 and §%H) as a tool to
identify the origin of salts in groundwater, with a transition zone
of about 1.5 km inland. Corroborating seawater intrusion as the
main mechanism responsible for groundwater mineralization in-
crease, the relatively high tritium (5-8 TU) measured in the
groundwater samples indicates that the mixing process is still ac-
tive and that the fresh water component is modern. On the other
hand, the Portuguese Network Isotopes in Precipitation initiated
in 1988 obtained at Faro Meteorological Station (Algarve) tritium
content varying between 14.8+1.4TU (June 1988) and
4.7+0.7 TU (November 1989) in monthly precipitation samples.
Recent data points to a tritium average content in Portuguese
mainland near the coast to be 4.5 TU (Carreira et al., 2006).

(ii) Case Study II: Faro-Tavira

This second sector is located near the Spanish border in the
eastern part of the Algarve basin (Fig. 2). Faro-Tavira zone is
the main agricultural region of the Algarve. According to Stigter
et al. (1998) the different groundwater facies found in the Faro

Percentage of seawater in the groundwater systems from Portimdo-Estombar (Study area I) and Faro-Tavira (Study area II). The data represent the amount of seawater estimated

in percentage from the different tracers at the different sampling sites.

Sector Sample reference 5180+ v (%) 52H (%) E. Cond. (%) Cl™ (%)
Portimdo-Estombar (sector I) 061 48+2.1 4.4 50%1.0 5.5
062 8.6+2.1 6.7 42+1.0 3.6
062a 5.7+2.1 n.a. 83+1.0 n.a.
072 12.6+2.1 12.2 13.5+1.0 124
073 8.8+2.1 10.3 10.7 £ 0.8 9.5
074 144+2.1 14.9 184+13 17.0
075 15121 16.8 185+1.3 171
099 7.7+21 n.a. 10.8+1.0 n.a.
Faro-Tavira (sector II) 039 24+21 3.0 11.9+09 11.7
043 28+21 3.6 9.6+0.7 8.6
044 123+2.1 19.6 17.0+1.2 15.1
044 10.8 £3.1 n.a. 144+1.0 n.a.
044 12.5+£3.1 n.a. 12.0+0.9 n.a.
044 9.9+30 n.a. 186+1.3 16.5
045 74+21 6.9 9.0£0.7 7.7

Notes - n.a. stands for not analyzed; E. Cond. stands for electrical conductivity.



168 P.M. Carreira et al./Applied Geochemistry 41 (2014) 163-175

area is the result of several hydrochemical processes, sometimes
having a natural origin, often affected or induced by human activ-
ities, which can involve agricultural practices. Those authors
mentioned the importance of evapotranspiration of infiltrating
rainwater in this region, and the role played by dissolution of cal-
cite, dolomite and gypsum in the chemical composition of
groundwater (Fig. 4).

The dispersion of the groundwater samples observed in the Pi-
per diagram (Fig. 4) is evident in the cations content. In the cation
domain of the Piper diagram, samples are spread by the vertices of
the triangle. The same is not true in the anion domain, where most
of the samples are distributed between the HCO5 and Cl, that is,
between the average composition of the groundwaters from
Faro-Tavira sector and the average composition of seawater. This
distribution indicates that seawater intrusion should be seen as
the main mechanism responsible for the high observed salinity.

In this study region, even where high nitrates concentrations
are a signature of agricultural activities at many sites (e.g., Carreira,
1991), most of the studied groundwater samples have values on or
near the Global Meteoric Water Line (G-MWL). Only one sample
(No. 38) is isolated and plotted on the sea-fresh water mixing line
(Fig. 5a and b). The fresh water component of Faro-Tavira area rep-
resents the mean isotopic and chemical data obtained with the
groundwater samples with lower mineralization (electrical
conductivity <1000 pS/cm (n = 16)). Near the coastline, boreholes
were identified with high Cl~ concentration and high electrical
conductivity values, which could be associated either with mixing
with seawater due to intensive pumping activities near the coast or
with salts dissolution.

Plotting the electrical conductivity (EC) of the groundwater
samples as a function of the isotopic composition (5!20) different
scenarios can be observed (Fig. 5b). It seems that the increase of
salt concentration is not accompanied by an isotopic effect:
dissolution of salt minerals appears to be the prevailing

mechanism of groundwater salinization rather than seawater
intrusion. Supporting this hypothesis is the discrepancy of seawa-
ter percentage obtained using either the isotopic composition or
the physico-chemical data (see Table 2, samples 039 and 043).
Moreover, the correlation coefficient between §'0 and electrical
conductivity is poor (r=0.26; n=48) pointing to a salt origin
other than sea.

A particular case in this area is that of Fuseta spring (sample
44(¢) - see Table 1 (Faro-Tavira), having very low discharge rate,
high and variable salinity, and slightly enriched §'30 values.
However, given the relationship between the groundwater
mineralization and its isotopic composition (EC=9550 uS/cm -
3180 = —3.74%0; EC=8230 puS/cm - 5'80 = —3.64%0; EC=7000
uS/cm 3'80=-3.55% and EC=10,400 pS/cm 3180 =
—3.93%0), seawater intrusion does not appear to be the only
important mechanism responsible for the groundwater saliniza-
tion. L.e., both processes such as dissolution of salt minerals and
mixing with seawater, should be present in this water sampling
point: in this part of Algarve region evaporitic minerals such as
halite are observed in the sedimentary layers as dispersed or as
small concentrations of salts (Costa et al., 1985). To corroborate
the hypothesis of different salt origin, different percentages of
seawater were obtained from Eq. (3), using either the isotopes
or the EC or Cl~ content, for the water sampling points with the
highest mineralization (Table 2).

One plausible hypothesis for the 80 enrichment observed in
three groundwater samples (Fig. 5b) is evaporation of irrigation
water, which also leads to a small increase of water salinization.
Transpiration processes imply a largely prevalent, almost unidirec-
tional, movement of water from soil to plant leaves and atmo-
sphere, and do not affect significantly the isotopic composition of
groundwater (Clark and Fritz, 1997). Soil evaporation is a complex
process: in hyper-arid terrestrial environments the process con-
sists again in a unidirectional water transfer from the water table

CATIONS

Fig. 4. Piper diagram of hydrochemical data from Faro-Tavira sector. (O) Stands for the groundwater samples; (®) stands for Fuseta spring and (%) for seawater mean

composition.
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to the atmosphere, not affecting the isotopic composition of
groundwater (Mook, 2000). In humid areas, the infiltration of pre-
cipitation determines a mixing of rainwater with water enriched in
heavy isotopes in the upper soil layers, which may in some cases
affect the isotopic composition of groundwater. However, this
effect is usually limited. For coastal areas, seawater ratios are
maintained in the combination of dry and wet salts deposition
while evaporation may cause a deviation in the isotopic composi-
tion of the groundwater, which results in enrichment of %0 and 2H
in the remaining water (Horita, 2005).

4. Case study: Lower Tagus-Lower Sado basin, central Portugal
4.1. Hydrogeological setup

The Lower Tagus-Lower Sado basin is located in Lisbon-Settbal
region and represents an important water resource for this large
region (Fig. 6a). The highly industrialized and populated urban
areas of Set(ibal and Lisbon are supplied by this system, which
has been extensively exploited over the last decades. In order to
find out the source of salinization in these groundwater systems,
chemical (Cl-, HCO;, SO2", Ca?*, Mg?*, Na* and K*) and isotopic
(52H, 8'3C, §'80, 3H and '“C) analyses were performed on ground-
water samples collected in 40 boreholes (Fig. 6b). In this region
there is a growing concern that these groundwater systems maybe
threatened by further (uncontrolled) exploitation, due to mixing
with highly polluted shallow aquifers, seawater intrusion pro-
cesses in the coastal areas, or by brine dissolution detected at
depth by geophysical studies (Astier, 1979).

From the geological point of view, the Lower Tagus-Lower Sado
basin is characterized by a huge synclinal structure composed of
Tertiary sediments, mainly formed by marine deposits (Simdes,
2003). Three main groundwater systems can be identified in the
region:

(i) A shallow Quaternary aquifer constituted by alluvial depos-
its presenting high transmissivity values.

(ii) Fluvial terraces made out of sands and clays representing the
Pliocene layers.

(iii) Miocene deposits composed of sandstones and limestones of
marine origin, related with different marine transgression
and regression events. These deposits show an average
thickness around 200-300 m, although in the central part
of the basin the values increase up to 800 m (Simdes, 2003).

Geophysical studies performed in the Lisbon-Setibal region re-
veal two important fault systems (Astier, 1979). The first is located
in the Lower Tagus valley, with a N30°E direction, and the other
one, the so-called Setdbal-Pinhal Novo fault system, runs N-S
and is responsible for a graben structure. This tectonic structure al-
lowed the rise of a saline formation at depth detected by geophys-
ical studies, which indicate the hypothesis of a brine formation
unit; ancient seawater trapped in the sediments or a diapiric struc-
ture at depth (Fig. 6a). This third region is located near Lisbon and
is one of the most industrialized locations of Portugal, but is
surrounded by agricultural fields.

4.2. Isotopic signatures

The mean isotopic composition of the groundwater (water sam-
ples with electrical conductivity below 300 pS/cm (n = 10)) was
used as reference for the “initial isotopic and physic-chemical
composition”, representing the freshwater component. Most
groundwater samples are plotted above or near the G-MWL
(Fig. 7a). However, seven samples (2b, 3a, 3b, 6, 42a, 42b and 43)
exhibit a distinctive isotopic composition and define an approxi-
mately parallel line to the GMWL. One possible explanation for this
shift is infiltration/recharge under different climatic conditions,
indicating a palaeoclimatic effect within this groundwater group.
The observed isotopic shift might be associated with preferential
storage of isotopically depleted water in the polar ice caps. The iso-
topic composition of the oceans is assumed that have changed by
1.3-1.6%0 in '®0 and about 10%. in deuterium during glacial times
(Rozanski, 1985; Chappell and Shackleton, 1986). The significance
of stable isotopes (130 and 2H) as climatic fingerprints and their
application to palaeohydrologic and palaeoclimatic studies have
been discussed by various workers worldwide (Darling et al.,
1997; Edmunds and Wright, 1979). Present-day representative
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values of oxygen-18 and deuterium observed in precipitation, may
be used as sensitive indicators of change and complexity in past
temperature; precipitation patterns and air mass circulation. In
plots of §'%0 as a function of the electrical conductivity (Fig. 7b),
sample 2d shows the highest mineralization (see Table 3) and is lo-
cated on the seawater-fresh water mixing line, followed by the
samples 42c¢, 3¢ 42b and 3b. No tritium was found in most of the
groundwater samples representing the Miocene aquifer system,
while in the shallow Pliocene aquifer the tritium content varies
between 1 and 3 TU (Table 3). Radiocarbon determinations were
carried out on the Total Dissolved Inorganic Carbon (TDIC). The

14C content varies from 71.9 + 0.7 to 88 + 0.8 pmC in the Pliocene
groundwater samples, and from 2.9 £ 0.3 up to 45.6 £ 0.9 pmC in
the Miocene groundwater samples.

To estimate the apparent 4C age (Eqs. (1) and (2)), the value of
ds=—23 % 2% was adopted for calculating the initial '*C activity
Eq. (2). It should be noted that the soil CO, is enriched in *C with
respect to the organic matter being decomposed, as well as with
respect to CO, respired by roots of living plants, by 4%. due to ki-
netic fractionation associated with diffusion of this gas from the
soil to the atmosphere (Dorr and Miinnich, 1980, 1987). The value
of 0+ 1% was adopted as representative for the soil and rock
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Table 3

Lower Tagus-Lower Sado basin, central Portugal: isotopic data and some physico-chemical parameters ascribed to the groundwater sampling sites.

Sample ref. EC (uS/cm) CI(mg/L)  Slcaicy  Slidol) Sligyps)  8'%0 (%0) &°H (%) °>H(TU) &'C(%) '*C(pmC*o) Apparent age BP (ka)
1 (M) 2592 719 0.373 0.274 -1.561 —-4.29 -23.6 0
2 (M) 1277 312 0.101 -0.345 -1.880 -4.18
2a (M) 1776 —4.23 -22.6 1.45
2b (M) 2530 710 0.161 -0.042 -1.515 -4.30 -27.8 0
2c (M) 3000 809 0.068 —-0.348 -1.241 —-4.29 -254 0 -104 12.9+£0.9 14.6£2.8
2d (M) 12,707 4054 0.464 0930 -0.657 -3.48 -17.8 0
3 (M) 3111 916 0.160 -0.137 -1.410 -4.09 -
3a (M) 5030 —4.01 —26.1 0 -9.2 8.4+0.8 17.2+£3.0
3b (M) 6105 2095 0.558 0.803 -0.786 —4.16 -25.7 0
3c (M) 7650 2485 0.053 -0.093 -1.168 —-4.44 -23.0 14 -73 6.7+0.6 17.1+£31
3d (M) 1636 42 0.275 0493 -1.413 —-4.48 -21.7 0 -10.0 29+03 26.6+3.1
4 (M) 986 219 0.100 0420 -2230 -4.73 -28.0 13 -12.1 59+0.5 223+29
5 (P) 411 103 —2459 4948 2947 —-4.58
5a (P) 951 —4.63 -25.6 0.3
5b (P) 1210 334 -1.834 3536 -2.003 -4.68 -29.7 0
5¢ (P) 2630 738 -2.199 -4310 -1.592 -4.68 -29.3 0 -17.9 88.1+0.8 3.2+25
5d (P) 4631 1375 -2.628 —-4.896 -1.417 -4.30 -20.6 14
6 (M) 349 41 0.214 0.520 -2.655 -4.81 -314
7 (M) 1243 300 0.266 0.177 -2.031 -4.23 -23.6
8 (M) 380 43 0.109 -0316 -2.896 —4.27
8a M) 383 —424 233 0
8b (M) 431 46 0.355 0429 -2.793 -451 -26.7 0.8
8c (M) 419 55 0.214 -0.056 -2.641 -4.37 -21.6
9 (M-P) 295 25 -0483 -1387 -2.818 -4.52 —-243 1
10 (M-P) 179 26 —-2.795 -5.612 -3.537 -4.73 —23.8
11 (M) 348 28 0.075 0.032 -2.822 -436 —-24.2
12 (M-P) 164 30 -3.787 -7397 -4.012 -4.65 —-23.2 1.2
13 (M-P) 216 35 —-2333 -5.063 —-3.235 -458 —-24.4
14 (M-P) 151 25 -2.805 5698 -3.861 —4.63 -23.4
15 (P) 109 40 —-4.011 -8.094 -4.012 -4.75 -25.8
16 (M-P) 323 46 -1307 -3.061 -2.965 -—4.58 -25.0
17 (P) 383 32 -0.086 -1.030 -2.835 -4.71 -25.7 14
18 (P) 168 31 -3394 -6.806 -3.722 461 -24.8 1.6
19 (P) 209 40 -3.859 -7.629 -3.719 -4.56 -21.1
21 (P) 342 46 -1368 -3.293 -2.718 -5.05 —28.2 2.6 -17.6 71.9+0.7 48+2.5
22 (P) 448 84 —-2.125 4174 -2942 475 -24.8
23 (P) 746 112 -1.690 —-3.227 -2.294 -457 -27.3
24 (P) 494 88 —-1.946 -3.820 -2.810 -4.67 —28.2
25 (M) 396 33 0.104 -0434 -2.697 -4.50 -26.7
26 (P) 425 82 -3.807 -7.584 2892 -4.74 -26.3
27 (P) 2507 1400 —-2.214 -4232 -1.850 -4.50 —24.5 0 -10.0 85.6+33 Modern
28 (M) 447 39 -0.620 -1.797 -2.538 -4.59 -27.0
29 (P) 441 95 —-2.543 -4970 -3.128 -4.75 -27.3
30 (M) 281 28 -0.681 -1.942 -2975 -4.64 —24.6
31 (M) 1860 294 0.151 -0.163 -1.430 -4.34 -23.6 0 -10.5 45.8 +0.6 42+2.6
32 (M-P) 1112 144 -0.446 -1.534 -2.288 -4.65 -27.6 0 -12.9 32.8+0.5 87125
33 (M) 437 61 -0.129 -0.626 -2.646 -4.60 -22.5
34 (M) 693 110 —-2.520 -5.616 -2.264 -4.57 —24.0
35 (M) 352 33 -0.128 -0.816 —-2.943 -464 -22.2
36 (M) 362 26 -0.094 -0.748 -2.773 -4.62 -22.9
37 (M) 361 27 -0.014 -0.586 —-2.893 -435 —24.6
38 (M) 2281 469 0.142 0.298 -1.201 -4.61 -26.1
39 (M) 919 203 0.054 0.177 -2.201 -4.58 -25.8 0 -10.0 10.8£0.7 15.8+2.8
42 (M) 4056 1193 0.177 0.195 -1.293 -4.09
42a (M) 5820 -3.17 -20.9 0 -8.1 56+1.2 19.5+44
42b (M) 6677 2050 0.573 1.084 -0.895 —-3.88 —-24.2 0
42c (M) 8010 2698 0.026 0.101 -1391 -3.88 -21.4 0 - 71112 17.4+£39
43 M) 1200 _44
43a (M) 1296 —4.37 -23.6 0 —6.95 3.1+04 23.1+35
43b (M) 1450 284 0.648 1273 -1.407 -4.59 -29.1 1.0
43¢ (M) 1592 326 -0.235 -0.582 -1.436 -4.65 -27.9 0 —7.08 40+04 21.1+£3.2

Note: (M) - stands for Miocene; (M-P) - stands for Mio-Pliocene and (P) - stands for Pliocene. Slcaic) stands for the saturation index with respect to calcite; Sl go1,) Stands for
the saturation index with respect to dolomite and ISys) stands for the saturation index with respect to gypsum.

carbonates for 6g. To account for fractionation during dissolution of
soil CO, in the infiltrating water we adopted &;3=9.0%0.1%0
(Mook et al., 1974).

This simple model was found appropriate, since in all analyzed
water samples the saturation index (SI) with respect to calcite is
not significant, and the §'3C measured in the TDIC of the ground-
water samples is around —10%., pointing to a small contribution
from carbonate dissolution. The estimated apparent carbon-14

ages vary between modern in the Pliocene aquifer (samples 5
and 27), and up to 26.6 + 3.1 ka BP in the Miocene aquifer (sample
3d). The apparent groundwater ages obtained for the deepest aqui-
fer were higher than 14.6 + 2.8 ka BP (with exception of borehole
31), with an average age around 19 ka BP (Table 3), and so indicate
the presence of palaeowaters.

The observed relationship between the apparent carbon-14
groundwater age, '“C concentration and the electrical conductivity
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(or with CI~ content) reveals two evolution trend lines (see Fig. 8a
and b), recognized by the graphic pattern defined by the distribu-
tion of the samples in the diagram with the increase of salinization.
These two trends may be produced by different mineralization
origins: brine dissolution/evaporitic dome dissolution/ancient
seawater trapped in the sediments/modern seawater intrusion, or
could be ascribed to distance from the coast. In the northern part

of the basin, a Pliocene phreatic aquifer near the Tagus river, mod-
ern seawater intrusion appears to play the dominant role in the
water mineralization of the shallow aquifer. The salinity increase
is accompanied by high percentage of modern carbon (samples 5,
21 and 27 “modern apparent groundwater ages”), i.e., in the north-
ern part of the basin the increase of salinization is not followed by
a groundwater ageing increase.

Using the application of radiocarbon measurements, stable iso-
topes and hydrochemical data, different approaches to explain the
salts origin are possible: mixing between fresh groundwater and
modern seawater leads to an increased activity. In the Sado-Tagus
basin this trend is not observed for the dated samples: samples 2, 3
and 42 reveal salinization followed by ageing. In this case the
increase of salts in the groundwater system may be ascribed to
ancient seawater trapped in the sediments during the sedimentary
basin formation (Fig. 8b). A similar effect is presented by Sukhija
et al. (1996), in a research study carried out in a coastal area of Ma-
dras, India. Those authors were distinguished palaeomarine and
modern seawater intrusion on the basis of a combined approach
using radiocarbon and hydrogeochemical data.

4.3. Hydrogeochemistry

Hydrogeochemical evolution is characterized by a progressive
increase in the TDS: from 80 mg/L up to 2565 mg/L in the Pliocene
aquifer, while in the Miocene the mineralization range between
200 mg/L and 7800 mg/L. Hydrochemical evolution of groundwa-
ters in the Sado basin is characterized by a gradual change from
Ca-HCO3; and Ca-Mg-HCO;5-type waters to a Na-Cl-type waters
near the coast line. The evolution of the groundwaters towards
Na-Cl-type water indicates that ion exchange and calcite/dolomite
dissolution are the dominant geochemical processes in the aquifer.
From the Piper diagram the projections of the groundwater
samples from Sado area are distributed towards the seawater
composition (Fig 9).

CATIONS

ANIONS

Fig. 9. Piper diagram of hydrochemical data from (O) stands for the groundwater samples and (%) for seawater mean composition.
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Two different evolution trends were recognized in the ratio
Ca%*/Na* (Fig. 10a), both apart from the seawater—fresh water mix-
ing line, reflecting probably flow paths with different amounts of
carbonate minerals. The observed trend may be also due to differ-
ent ionic exchange proportions, since the ion exchange mechanism
is able to influence the ion concentration of the groundwater. Also,
adsorption of Na* by the aquifer matrix, with release of Ca%", is a
process which is triggered by intruded seawater. Applying the
equation presented by Pennisi et al. (2006), the magnitude of ion
exchange processes for Ca?* and Na*, was calculated by comparing
the difference (An) between the measured concentration (n,)) and
that expected by mixing with seawater (n)), based on the contri-
bution from the conservative ion Cl~. The mixing equation (Eq. (4))
for ion X is:

Any = Nxm) — Nx(o)
Anx = Nxm) — [Nx(0) + (Nem) — Neio)) (Mx(sea) /Mci(sea))]

4)
where ny(y and ncj) are the concentrations of ions X and CI~ in
groundwater not affected by sea water intrusion. In our case study,
these values are the mean values obtained in the groundwater sam-
ples with an electrical conductivity below 300 pS/cm.

Since the research region is a sedimentary basin, cation
exchange process can easily occur with the uptake of sodium
dissolved in the groundwater with release of calcium by the aqui-
fer matrix. Most groundwater samples present a Na® deficit
(Anna<0) and an excess of Ca%* (Anc,>0), corroborating the
hypothesis that the missing of Na* and increase of Ca?* is ascribed
to cation exchange mechanisms (Fig. 10b). According to Appelo
and Postma (1994), in coastline aquifers ions in freshwater are of-
ten derived from sea spray and only calcium and bicarbonate are
added to the water due to calcite dissolution. Within the Sado
basin, the Ca/Na ratio may vary greatly due to the occurrence of
a heterogeneous interface, influenced by the layering of coastal
aquifer system and the fact that an inland moving interface will
present different geochemical effects. Mixing with ancient
seawater trapped in the sediments, during the sedimentary basin
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Fig. 10. Results from Lower Tagus-Lower Sado basin: (a) sodium vs. calcium; (b)
calcium excess vs. Na excess in Sado-Tagus groundwaters. The replacement of Na*
by Ca* through ion exchange is triggered by seawater (symbols as in Fig. 7).

formation, is probably another process affecting groundwater
salinization in the south area in the research region. Here the deep
groundwater system, with apparent carbon-14 ages between 15
and 20 ka and electrical conductivity reaching 10,000 puS/cm, is
being “used” for public supply where it is mixed with groundwater
from a system with lower mineralization.

Calcite saturation is not present in all groundwater samples
collected within the Sado Basin system, most probably due to con-
tinuous increases in alkalinity as a result of exchange reactions
with the ions present in clay minerals. In fact, the samples where
modern seawater intrusion is present in the aquifer are those
which are further from the equilibrium with calcite. Changes in
groundwater chemistry inside the basin indicate that the most
feasible explanation for the variation in the cation composition is
related with cation exchange processes. An alternative hypothesis
is that carbonate equilibrium controls the alkaline earth elements,
particularly the increase in Ca?" and Mg?*, and or proportional
sodium increase associated with the high solubility of Na* salts.
However, these hypotheses seems not to be reliable, in this case,
because the sodium deficit associated with the calcium excess
cannot be explained on the basis of the solubility of the salts of
these ions. A similar “trend” was referred to in a case study in a
coastal aquifer in Argentina by Martinéz and Bocanegra (2002).

5. Conclusions

The wide range of groundwater salinity problems in terms of its
origin and prevention, makes necessary the use of integrated geo-
chemical and isotopic methods to interpret salinity issues; espe-
cially in the context of the deterioration of water quality
resulting from pollution or exploitation of groundwater resources.
Human factors intensify salinity directly by pollution or indirectly
by agricultural activities, and excessive pumping leading to
invasion of saline groundwater into freshwater aquifers. Stable iso-
topes provide an effective label for sea water and freshwater, to
enable tracing of sea water intrusion and identification of pro-
cesses that may be responsible for water salinization, through
the evolution of stable isotope concentrations in water during
different processes related to salinization.

In the Portimio-Estombar zone, the isotopic (520 and 52H),
physical (electrical conductivity), and chemical parameters (e.g.
Cl7), clearly evince a seawater-fresh water mixing trend. In the
Faro-Tavira zone the increase of salt concentration is generally
not accompanied by an isotopic effect. Here, dissolution from salt
diapirs appears as the prevailing mechanism of groundwater sali-
nization, rather than seawater intrusion. Anthropogenic causes
such as overexploitation, or salinization by evaporation of irriga-
tion water, appear to be important secondary processes, although
evaporative effects are localized.

In the Lower Tagus-Lower Sado basin, two different evolution
trends were recognized. Both differ from the seawater-fresh water
mixing line, probably reflecting flow paths with different amounts
of carbonate minerals and different ionic exchange proportions
(Ca?*/Na"). The ion exchange mechanism is able to influence the
ion concentration of the groundwater, representing the most real-
istic explanation for the cation variation. These variations observed
in the ionic ratios can be ascribed to the occurrence of a heteroge-
neous interface, influenced by the layering of coastal aquifer
system, and to the inland moving interface responsible for the
different geochemical water types. The alternative hypothesis of
carbonate equilibrium control of the alkaline earth elements, and
proportional sodium increase associated with dissolution of evap-
oritic minerals, seems not be applicable in this case. The apparent
groundwater ages estimated for the Miocene aquifer average
around 19 ka BP, indicating the presence of palaeowaters. In the
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northern part of the basin, modern seawater intrusion appears to
play the major role in the groundwater mineralization in the
shallow aquifer, since the increase of salinization is not accompa-
nied by a groundwater ageing increase. However, in the southern
area of the basin, near Settbal, intensification of groundwater
salinization was accompanied by an increase of the apparent ages.
In this case the increase of salts in the groundwater system should
be ascribed to ancient seawater trapped in the sediments, during
the sedimentary basin formation.

The use of geochemical or isotopic data as individual tracers to
identify and characterize salts origin in groundwater systems is
much more effective when used in combination. In our different
case studies, the joint use of joint geochemical and isotopic tracers
(stable and radioactive environmental isotopes) has proved to be
highly effective. The variability in chemical and isotopic composi-
tion of deep and shallow groundwater indicates that differences
exist in the salts origin in groundwater systems. Further, dating
groundwater helped in the identification of modern or ancient salt
water bodies mixing with the freshwater system, such as seawater,
brackish or brine waters. This joint geochemical and isotopic
approach provided a better understanding of the variable nature
of groundwater mineralization, which can help to optimize
groundwater resources in the study regions.
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