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• The semi-confined aquifer in a sector of
the Río de la Plata estuary is salinized.

• Saline content is higher in the aquifer
than in the estuary.

• Minor elements indicate the occurrence
of palaeo-seawater intrusion.

• Palaeo-seawater intrusion may be asso-
ciated with interglacial fluctuations.
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The hydrochemistry of minor elements and traces such as bromide, lithium, strontium, uranium and selenium,
together with the chemical analysis of major ions, has been used in the study of salinization process. This process
occurs in a semi-confined aquifer that corresponds to a Pliocene–Pleistocene fluvial environment. The semi-con-
fined aquifer is located in the littoral of the cities of Ensenada and Berisso, in the region of the middle Río de la
Plata estuary, Argentina. Groundwater salinization was detected in the semi-confined aquifer in the coastal
plain area, with salt contents that increase from the loess plain towards the river. The content of major ions
that predominate in sea water (Cl−, Na+ and Mg2+), as well as the Cl−/Br− and U vs. Cl− ratios, demonstrates
that such salinization is related to seawater, which shows no correspondencewith estuarywater. In the salinized
area, Li, Sr and Se enrichments occur, and are used as tracers of the average time that a substance remains in so-
lution in sea water in the aquifer. The study of suchminor ions together with the geological evolution of the area
made it possible to recognize that the saltwater in the semi-confined aquifer corresponds to a palaeo-intrusion of
sea water associated with the Pleistocene–Holocene ingressions caused by the climate changes occurring during
the Quaternary.
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Fig. 1. Location of the study area and monitoring points. PBD: Pleistocene bioclastic deposits.
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1. Introduction

Seawater intrusion into aquifer systems is a natural phenomenon
occurring in many coastal plains (e.g., Todd and Mays, 2005). Climate
changes (i.e. eustacy, temperature and precipitation changes) and
ground vertical movements (i.e. subsidence and uplift), both natural
Fig. 2. Hydrogeological profile (cross-section from wells P
and man-induced, drive the advance and retreat of the fresh water/
salt water interface (Kruse and Mas Pla, 2009). Among the causes of
groundwater contamination, salinization is one of the processes that
threaten the quality of coastal freshwater reserves and restrict their
uses. Groundwater exploitation, especially in densely populated coastal
areas, is often the cause of seawater intrusion towards the mainland
4 to P15). The location of the wells is shown in Fig. 1.
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(Lloyd et al., 1982; Kim et al., 2003; Capaccioni et al., 2005; Giambastiani
et al., 2007; Trabelsi et al., 2007; Somay and Gemici, 2009).

Other processes, such as industrial contamination or wastewater
(Ghabayen et al., 2006), the return flow of irrigation water (Milnes
and Renard, 2004; Knapp and Baerenklau, 2006), the dissolution of
evaporitic materials or the contribution of marine aerosol, especially
in semi-arid regions (Andreasen and Fleck, 1997; Cruz and Silva,
2000; Cartwright et al., 2004), may also induce the salinization of
groundwater. As a consequence of future sea-level rise, an increase in
aquifer salinization is expected in many coastal plains (Sherif and
Singh, 1999; Kundzewicz et al., 2007; Döll, 2009; Carretero et al., 2013).

Hydrogeochemical studies aiming at explaining the anthropogenic
or natural processes that determine aquifer salinization are of great im-
portance to develop sustainable management guidelines for water re-
sources. The relationships between major ions and 18O and 2H
isotopes arewidely used tools in the evaluation of salinization processes
(Kim et al., 2003; Capaccioni et al., 2005; Carol et al., 2009; Gattacceca et
al., 2009; El Yaouti et al., 2009; Mollema et al., 2013; Re et al., 2013;
Alvarez et al., 2015; Da Lio et al., 2015). There are cases in which the re-
lationship between major ions and isotopes is not a determinant, as in
the case of the overlapping of different processes or the presence of
palaeo-seawater. In such cases, the use of minor elements and traces
has proven to be an efficient tool to understand the salinization mecha-
nisms of aquifers directly related to sea water (Giménez and Morell,
1991; Gimenez and Morell, 1997; Sanches-Martos et al., 2002; Faye et
al., 2004; Somay and Gemici, 2009).

The cities of Ensenada and Berisso are located in the inner coastland
in the middle Río de la Plata estuary (Argentina) (Fig. 1). This area is
Fig. 3. Piper and Sch
densely populated and fresh water for different purposes is supplied
by the Río de la Plata and a semi-confined aquifer. In themiddle estuary
of this river, low salinity water occurs, with values below 2 g/L
(Guerrero et al., 1997). The semi-confined aquifer is characterized by
its low saline content (less than 1.5 g/L) and high productivity in the
continental area, with its salinity greatly increasing, up to 10 g/L, to-
wards the vicinity of the river (Sala and Hernandez, 1969; Sala et al.,
1982).

The objectives of this work are to identify the origin of the saliniza-
tion in the semi-confined aquifer on the basis of a hydrogeochemical
evaluation mainly based on the analysis of minor ions and traces, and
to assess its possible association with the geological evolution of the re-
gion. Coastal aquifer salinization is a problem that affects many cities
worldwide; that is why it is so relevant to carry out tests in order to un-
derstand the processes that originate it. Therefore, the results obtained
will be of relevance not only for the study area, but also for other regions
in the world with similar hydrogeological characteristics.

2. Study area

The study area comprises a coastal strip approximately 10 kmwide,
located in the littoral of the cities of Ensenada and Berisso, on the right
margin of the middle Río de la Plata estuary (Fig. 1). The estuary has a
semidiurnal, microtidal regime, with water salinity varying in this sec-
tion between 1 and 2 g/L (Guerrero et al., 1997). The area is character-
ized by a humid temperate climate, with a historical precipitation
record (1900–2012) with an annual mean of 1010 mm and a mean an-
nual temperature of 16.2 °C (Carol et al., 2012).
oeller diagrams.



Table 1
Physicochemical data. UC: unconfined aquifer, SC: semi-confined aquifer, SW: seawater, RDLP: Río de la Plata.

Well pH Cond
(μS/cm)

STD
(mg/L)

HCO3

(mg/L)
SO4

(mg/L)
Cl
(mg/L)

Mg
(mg/L)

Ca
(mg/L)

K
(mg/L)

Na
(mg/L)

Se
(μg/L)

Si
(μg/L)

Sr (μg/L) Li
(μg/L)

U
(μg/L)

Br
(μg/L)

Loess plain UC P1 7.4 2610 1749 484 196 645 62 84 15 498 10.5 39,061 1285.2 43.3 25.67 2060
SC P2 7.4 2600 1742 484 189 621 58 86 15 504 10.5 37,183 1217.98 42.8 25.59 2009

P3 7.5 2290 1443 484 11 586 37 73 16 428 6.7 30,384 960.87 39.1 16.77 1935
P4 7.6 2180 1439 430 79 583 30 50 20 467 8.8 32,424 666.72 31.3 13.69 1996

Middle
Coastal
plain

UC P5 7.2 1935 1258 957 71 97 38 183 22 270 3.5 31,381 1314.62 14.9 12.75 1220
P6 7.9 1842 1197 500 257 135 18 36 14 430 3.6 37,080 457.44 35.5 17.02 436
P7 7.9 3800 2964 1406 737 300 58 50 33 1365 – 98,600 870 70.0 19.0 4700

SC P8 8.3 11,280 9024 844 2165 2500 310 13 206 2453 70 72,100 118 190 3.0 10,700
P9 12.7 14,760 6790 311 1326 3200 12 79 986 2812 80 82,400 5690 155 – 13,300
P10 7.45 4820 3370 441 341 1200 110 137 30 921 – 88,300 2061 80 7.0 7500
P11 7.0 12,030 10,226 1271 3750 2100 221 350 62 3063 70 96,900 3994 200 32 9900

Coastal
plain
closer to
the river

UC P12 7.0 1105 597 183 65 227 16 4 11 140 1.4 13,859 385.13 7.8 0.17 614
P13 6.9 23,900 17,925 505 2065 7700 700 1000 101 5298 170 86,700 11,114 240 10.0 27,300

SC P14 6.9 16,950 11,860 362 1080 5900 523 675 64 2891 130 87,500 8342 210 6.0 22,400
P15 7.0 30,200 25,972 312 2123 10,700 1020 1436 109 6323 300 83,400 15,960 300 7.0 41,000

SW 8.2 35,000 104 2669 19,000 1350 410 390 10,500 0.09 6400 8000 170 3.0 67,000
RDLP 8.09 392 500 199.1 29.9 42 6.59 16.08 7.19 67.24 0.5 9100 138.65 6.9 0.59 142
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The semi-confined aquifer occurs in Plio-Pleistocene fluvial sedi-
ments mainly composed of fine- to medium-grained quartz sands
(Kruse et al., 2013). These are overlain by loess sediments deposited
during the Pleistocene, outcropping in the continental sector in an
extensive loess plain (Fidalgo et al., 1975). In the more littoral sec-
tors, sea-level oscillations during the Quaternary led to the
depositation of marine sediments that reworked the abrasion
Fig. 4. Ion ratios. Black crosses represent percentages of mixture of semi-confin
platform in the loess plain (Schnack et al., 2005). The early marine
deposits are from the Middle to Late Pleistocene and correspond to
coastal barriers deposited in a high-energy environment and
cropping out in the limit with the loess plain (Fig. 1). In turn, the Ho-
locene deposits, which overlie most of the area, correspond to clayey
silts of tidal plain environments, overlain by present-day alluvial de-
posits in the vicinity of the river (Fig. 1).
ed aquifer water from the loess plain and sea water (at intervals of 10%).
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An unconfined aquifer occurs both within the loess plain sediments
and those of the coastal plain, and it is separated from the semi-confined
aquifer by a clayey layer (aquitard). Precipitation is the source of re-
charge to the unconfined aquifer, whose regional groundwater flow is
towards the Río de la Plata (Carol et al., 2013). On the loess plain,
groundwater in the unconfined aquifer is a low-salinity sodium bicar-
bonate type. In the coastal plain, groundwater in the unconfined aquifer
has highly variable compositions: itmaybe a sodium chloride to sodium
bicarbonate type, with a high-salinity sulphate type in sectors (Logan et
al., 1999; Ainchil et al., 2004). In the semi-confined aquifer in the loess
plain, low-salinity sodium bicarbonate type water occurs (below 1.5 g/
L) and it constitutes the main source of water supply in the region.
The salt content is modified towards the coastal plain, where water is
Fig. 5. Ion ratios. Black crosses represent percentages of mixture of semi-confin
salinized and it becomes a sodium chloride type (Logan et al., 1999;
Ainchil et al., 2004). The recharge of the semi-confined aquifer is local
and indirect from the unconfined aquifer on the loess plain and the
groundwater flow is towards the Río de la Plata.
3. Methodology

Due to the fact that in some sectors of the study area the groundwa-
ter is characterized by high salinity, there are no available supply wells
or boreholes for hydrochemical monitoring; therefore, it was necessary
to set up a monitoring network specifically for this study. The network
consists in fifteen monitoring sites in which boreholes were drilled at
ed aquifer water from the loess plain and sea water (at intervals of 10%).
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the level of both aquifers, covering the coastal plain and the zone adja-
cent to the loess plain (Fig. 1).

The boreholes were drilled with a water circulation rotary drill and
fitted with a 4-in. PVC casing. In the case of the semi-confined aquifer,
the drilling reached the base of the aquifer (approximately 60 m
deep), and a continuous filter and awell-sorted siliceous gravel prefilter
were fitted along the entire aquifer thickness, cementing the section of
the unconfined aquifer. The boreholes in the unconfined aquifer were
drilled to a depth of 8m, fitting a continuous filter and a siliceous gravel
prefilter as well. The zero level of all wells was set with respect to the
mean sea level with an automatic level (Kern GK1-AC).

During borehole drilling, the lithological description was made and
sediment samples were obtained in order to undertake the mineralogi-
cal description under a magnifying glass of the sandy–silty fraction, as
well as the hydrolithological characterization of the stratigraphic col-
umn. In every well of the monitoring network, the groundwater levels
weremeasuredwith amanual probe andwater sampleswere extracted
for the chemical analysis; sampleswere also obtained from the Río de la
Plata. Prior to the sampling of everywell, theywerewashed bymeans of
the extraction of a water volume over three times larger than the well
volume, using a submersible pump. The collection, preservation and
major ion chemical analyses (HCO3

–, Cl−, SO4
2−, Ca2+, Mg2+, Na+, K+)

of the water samples were carried out according to the standard
methods outlined by the American Public Health Association (APHA,
1998). Minor ions and traces (Sr, Li, U, Se, Br) were analyzed by
means of the inductively coupled plasma mass spectrometry (ICP-MS)
technique. These ions were chosen because they allow the verification
of the processes originating a seawater intrusion (Fakir et al., 2002;
Faye et al., 2004). The use of such natural tracers has acquired relevance
in recent years as a tool to understand themechanisms causing themin-
eralization and salinization of aquifers (Andreasen and Fleck, 1997;
Somay and Gemici, 2009). The data presented in this work correspond
to themonitoring carried out in June 2015; however, quarterlymonitor-
ing of major ions and levels was performed, observing no considerable
variations between the samplings.

4. Results

4.1. Hydrolithological and hydrodynamic characteristics

Based on the data obtained from the wells, the thickness and litho-
logical characteristics of each aquifer unit could be identified. In the
loess plain area, the unconfined aquifer occurs in silty and silty–clayey
sediments with carbonate concretions whose average thickness is
32 m. The minerals predominating in the silt fraction are quartz, feld-
spars, amphiboles and volcanic glass. Towards the coastal plain, these
sediments wedge out and are overlain by sediments of intertidal origin,
with a silty–clayey grain size, aswell as seashell and fine sand intercala-
tions in sectors. In the sand fraction, the main minerals are quartz, feld-
spars, carbonates and amphiboles. The average thickness of these
sedimentary deposits is up to 10 m.

Underlying the loess deposits, there is a silty–clayey layer of limited
thickness (3m), which hinders the hydraulic transmission between the
unconfined aquifer and the semi-confined aquifer. Below this layer, the
semi-confined aquifer occurs, mainly composed of well-sorted, fine- to
medium-grained sand with a thickness ranging from 12 to 30 m. The
medium to coarse sand grains are composed of quartz and, to a lesser
extent, feldspars, whereas in the finer fraction opaques and amphiboles
can be recognized.

The groundwater levelmeasurements undertaken in the unconfined
and semi-confined wells indicate that in both cases the groundwater
flow is from the loess plain towards the Río de la Plata. When the levels
of both aquifers are compared at the same point, it can be observed that
Fig. 6. Diagram of hydrogeological evolution during the Quaternary and formation of the
palaeo-seawater intrusion.
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the unconfined aquifer is higherwith respect to the semi-confined aqui-
fer; that is to say, a descending vertical flow occurs. In the area adjacent
to the loess plain, the water table is 1.5 m above the level of the semi-
confined aquifer. Towards the vicinity of the river, such a difference de-
creases to values of a few centimetres, indicating a decrease with re-
spect to the descending vertical flow (Fig. 2). This trend between
levels would indicate that the semi-confined aquifer discharges slowly
into the Río de la Plata, ruling out the possibility that the river is at pres-
ent contributing water to the aquifer.

4.2. Hydrochemistry

The chemical composition of groundwater shows variations from
the loess plain adjacent to the coastal plain towards the sector of the
coastal plain closer to the river. In the first case, both unconfined
water and semi-confined aquifer water are a sodium chloride type
with salt contents between 1439 and 1749 mg/L (Fig. 3, Table 1). In
the middle sector of the coastal plain, unconfined water differs from
semi-confined aquifer water not only in its salinity, but also in its
hydrochemical facies. In the unconfined aquifer, water is a sodium bi-
carbonate to calcium bicarbonate type with salinities between 1197
and 2964 mg/L, whereas in the semi-confined aquifer it is a sodium
chloride type with a salt content between 3370 and 10,226 mg/L. In
the sector of the coastal plain closer to the river, the samples are of a so-
dium chloride typewith a salinity of 597mg/L in the unconfined aquifer
and from 11,860 to 25,972 mg/L in the semi-confined aquifer. On the
other hand, water in the Río de la Plata is of a sodium bicarbonate
type with a salinity of 500 mg/L (Table 1). Note that in the Schoeller di-
agram it can be clearly observed that the characteristics of semi-con-
fined aquifer water trend towards sea water—both unrelated to that of
the Río de la Plata—from the loess plain sector to the coastal plain (Fig.
3).

There is an increasing trend in the salt content associated with the
increase in chloride concentration (Table 1). Río de la Plata water is
the one showing the lowest chloride concentration (42 mg/L), whereas
in groundwater the lowest values occur in unconfined water (between
97 and 645 mg/L). A noticeable increase in Cl− content takes place in
semi-confined aquifer water from the loess plain (583mg/L) to the sec-
tors close to the river (10,700 mg/L), which is accompanied with an in-
crease in Na+ with a trend towards sea water (Fig. 4a). Considering
these ions as being characteristic of sea water, and putting together a
theoretical mixture of semi-confined aquifer water from the loess
plain and sea water, the groundwater of the semi-confined aquifer
from the middle coastal plain shows between 5 and 20% sea water in
its composition. On the other hand, in the samples obtained closer to
the river, water from the semi-confined aquifer has between 27 and
56% sea water in its composition. In the ratio between Cl− and
Mg2+—the second most important cation in sea water—a tendency to-
wards sea water is also observed, with similar percentages to the ones
described above, but with a slight deviation towards higher Mg2+ con-
tents (Fig. 4b). Similarly, the samples show an increase in Cl−, with Cl−/
Br− ratio values similar to the ones of seawater (Fig. 4c). A decrease inU
content is also noticeable, with values resembling those of sea water
(Fig. 4d). It should be noted that, regarding both the Cl−/Br− ratio and
U content, the values in the Río de la Plata do not show any correspon-
dence with those of the semi-confined aquifer or with the ones of sea
water.

As regards the minor and trace elements Li, Se and Sr, it can be ob-
served that, even though their concentration tends to rise as Cl− in-
creases, in all cases there is a deviation with respect to the seawater
mixing line (Fig. 5a–c). This deviation is caused by an enrichment in
such minor ions from the middle coastal plain to the sector closer to
the river, as it happens with Cl−. Se concentrations are higher than
those of sea water in the samples from the semi-confined aquifer,
both on the middle coastal plain and in the vicinity of the river (Fig.
5d and f). In turn, Li and Sr concentrations increase linearly from that
of sea water only in the semi-confined aquifer water corresponding to
the sector of the coastal plain closer to the river (Fig. 5e). On the other
hand, the Río de la Plata sample shows the lowest concentrations of
all these minor ions.

5. Discussion

The concentrations of the major ions that dominate in sea water
(Cl−, Na+ andMg2+), as well as the Cl−/Br− ratio suggest that the sali-
nization occurring in the semi-confined aquifer water of the coastal
plain is related to sea water. The seawater percentages increase from
5% on the middle coastal plain to 56% in the areas close to the river. In
the littoral of the cities of Ensenada and Berisso, the marine origin of
the salinization was indicated in previous works undertaken in the re-
gion, according to isotope and major ion determinations (Sala and
Hernandez, 1969; Dapeña, 2007; Ainchil, 2009). The salinization of the
semi-confined aquifer in the loess plain due to its intensive exploitation
is justified by the advance of the salt water contained in such an aquifer
in the coastal plain area. Unlike other coastal areas, in this case it should
be taken into consideration that the middle Río de la Plata estuary has
an average salinity below 1.5 g/L (Guerrero et al., 1997), which is why
the advance of salt water cannot originate in the estuary. This can be
verified in the comparison of the compositions of Río de la Plata water
and those of semi-confined aquifer water, which show highly dissimilar
hydrochemical characteristics.

Certain minor ion contents, such as those of Li, Sr and Se, make it
possible to verify the processes originating seawater intrusion (Fakir
et al., 2002; Faye et al., 2004). Li and Sr are ions that, when entering
into solution, remain in water as conservative ions, which is why this
is a good indicator of residence time of water in the aquifer. These ele-
ments may be supplied by the dissolution of the amphiboles and feld-
spars that compose the matrix of the semi-confined aquifer. If water
originating from seawater intrusion has high temporal permanence in
the aquifer, it is to be expected that its Li and Sr concentrations should
rise as the contact time between sea water and the aquifer matrix in-
creases (Brondi et al., 1973; Tulipano and Fidelibus, 1984; Gosselin et
al., 2004; Somay and Gemici, 2009). On the other hand, Se is an abun-
dant element in coastal plain sediments and it tends to be desorbed
from the solid phase of the aquifer to pH values close to 8. When it en-
ters into solution, it forms oxyanions that increase Se concentration as
the water–rock contact time increases (Massee and Maessen, 1981;
Vengosh, 2003).

Such characteristics show that the Li, Sr and Se ions may be used as
tracers for residence time. It should be noted that, in semi-confined
aquifer water from the middle coastal plain sector and the one closer
to the river, Li, Sr and Se enrichments were registered. These minor
ion contents as a function of Cl− show an enrichment with respect to
the theoretical seawater mixture, with higher contents in the samples
from the littoral area than those of sea water (Fig. 5a–c). In turn, this
characteristic can be verified more clearly in the ratios between the
minor ions (Fig. 5d–f).

In view of the above, it is expected that if sea water (in the salt
wedge area) were in contact with the aquifer matrix for long periods,
there would be an enrichment of these minor ions (Gimenez and
Morell, 1997). In this way, the enrichment observed in the minor ions
with respect to the seawater mixture would show that the semi-con-
fined aquifer water from the coastal plain corresponds to a palaeo-sea-
water intrusion.

On the other hand, the ratio between U and Cl− contents also indi-
cates the marine origin of the semi-confined aquifer water, but in this
case there is a decrease in U in the seawater intrusion area. The coastal
aquifers in the area of the seawater interface tend to decrease in U con-
tent, mainly in the sectors in which the marsh areas develop (Duncan
and Shaw, 2003). Salt marshes are geochemically very active environ-
ments, with U retention in the sites in which continental groundwater
and sea water interact (Church et al., 1996). Therefore, it is to be
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expected for the semi-confined aquifer water to be associated with a
seawater intrusion in which marsh environments developed.

The presence of palaeo-seawater intrusions has been recorded in
confined and semi-confined aquifers in coastal areas in other regions
worldwide (Groen et al., 2000; Kim et al., 2003; Bouchaou et al., 2009;
El Yaouti et al., 2009; Somay and Gemici, 2009; Wang and Jiao, 2012).
Unlike the examples in the above-mentioned works, the case of the
study area differs in that the saltwater aquifer is in contact with a surfi-
cial freshwater body and not sea water. It is to be expected for such
palaeo-seawater intrusion to be associated with global climate changes
that occurred during the Quaternary.

Based on evidence related to the geological evolution (Figini et al.,
1977; Fidalgo, 1979; Fidalgo et al., 1981; Nabel and Vargas, 1993;
Codignotto and Aguirre, 1993; Cavallotto, 2002; Aguirre and Whatley,
1995; Schnack et al., 2005), it is possible to explain the origin of the
palaeo-seawater intrusion into the semi-confined aquifer. The fluvial
sandy sediments occurring in this aquifer deposited during the Plio-
Pleistocene. These are overlain by loess sediments deposited during
the Lower–Middle Pleistocene, constituting the loess plain (Fig. 1 and
Fig. 6a). In the Upper Pleistocene, approximately 120,000 years ago,
the marine ingression related to the last interglacial maximum oc-
curred. The sea covered the study area up to the present-day height of
7 m.a.s.l., leaving high-energy bioclastic deposits over the current bor-
der area between the continental and the coastal plain (Fig. 1 and Fig.
6b). This marine ingression reworked the abrasion platform in the
loess sediments and seawater entered the Plio-Pleistocene sandyfluvial
sediments that at present constitute the semi-confined aquifer. This
seawater ingression formed a salt wedge that covered the area of the
present-day coastal plain. It was followed by a cold arid period, which
caused the retreat of the sea level and a new loess sediment deposition
(Fig. 6c). In such an arid environment, the seawater wash-out due to
rainwater infiltration or groundwater flow towards the sea was a pro-
cess of limited relevance. The Holocene ingression—related to isotope
stage 1—developed coastal plain deposits, which were reworked and
deposited over the loess sediments. Low-energy sediments composed
of clayey silt dominated the coastal plain, associated with marsh envi-
ronments. With a smaller extension, high-energy deposits composed
of shells and sand were deposited in coastal barrier environments.
This ingression caused another seawater intrusion in the sandy fluvial
sediments that, in turn, was limited above by the low-permeability de-
posits of the tidal plain environments (Fig. 6d).

Currently, in the area close to the Río de la Plata, a sandy levee with
present-day river deposits has developed. This sector is under tidal in-
fluence, with the unconfined aquifer that occurs in the levee area show-
ing low-salinity water, whereas in themiddle sector of the coastal plain
water tends to have a higher salt content. In the semi-confined aquifer,
the palaeo-seawater intrusion is mainly preserved in the areas close to
the river. A wash-out of this palaeo-seawater intrusion occurs towards
the continental area, mainly due to the fresh groundwater flow that en-
ters laterally from the loess plain. To a lesser extent, the vertical infiltra-
tion of water from the unconfined aquifer may also contribute to the
wash-out of the salt wedge (Fig. 6e).

6. Conclusion

The minor ion (Li, Sr, Se, U and Br) ratios and contents made it pos-
sible to identify that the salinization recorded in the semi-confined
aquifer in the coastal plain area is the result of palaeo-seawater intru-
sion. Similarly, the more conservative major ions (Cl−, Na+ and
Mg2+) were useful to generate theoretical mixtures and to determine
the percentage of sea water present in the palaeo-seawater intrusion.
These data related to the geological evolution of the area during the
Quaternary allowed the development of a conceptual model of
geohydrological evolution of the seawater intrusion and its preservation
at present, even though it is adjacent to the middle Río de la Plata estu-
ary, where water has a low salinity.
The results obtained show that the traces of the marine regressions
and transgressions occurring during the Pleistocene–Holocene are not
only evident in the sedimentary sequences, but they have also left
their signature in groundwater. The characteristics observed are not in-
herent to the area, but they explain processes that may occur at a global
level as a result of the sea-level oscillation during the Quaternary.
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