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Abstract: Coastal aquifers are strategic and fundamental in the development of touristic areas.
The coastal aquifer within the Manglaralto River Basin in Ecuador is essential, as it is the only
source of water supply for a large part of the northern part of the Santa Elena province. It is a
semi-arid region where high volumes of water are pumped from the aquifer, causing a significant
drawdown of groundwater levels, thus affecting the water quality. This work aims to characterize
the characteristics of groundwater in the coastal aquifer using hydrochemistry and stable isotopes
to propose a hydrogeological conceptual model. The methodology for determining the chemical
and isotopic characteristics of groundwater follows the following scheme: (i) studies of ionic con-
centrations using the Piper diagram, (ii) assessment of the origin of salinity through the Cl/Br ratio,
the presence of seawater intrusion through the Hydrochemical Facies Evolution Diagram HFE-D,
(iii) characterization of precipitation events using stable isotopes (18O and 2H), and, (iv) development
of a hydrogeological conceptual model of the study area. The results indicate that in the basin
there are mixing processes of the existing water in the aquifer with recharge water, direct cation
exchange processes in the freshening process during recharge, and evaporation in the unsaturated
zone. A conceptual model of the flow system in the basin is built, based on the mentioned processes.
The main conclusions are: seawater intrusion is present in the areas of the wells located closest to the
coast, urban activity through septic tanks is affecting the quality of the aquifer, and rainfall is highly
relevant in the different hydrochemical and isotopic processes that operate in the basin.

Keywords: Manglaralto coastal aquifer; seawater intrusion; freshening; hydrochemical; isotopes

1. Introduction

In the world and particularly in arid and semi-arid regions near the coast, ground-
water is one of the primary sources of urban, agricultural, and industrial supply, consid-
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ering that 13% of the world population settles in these areas. They generally correspond
to areas of touristic interest, which demand high volumes of water supply for inhabitants
and visitors [1–4]. The nature of the coastal aquifers threatens groundwater sustainability,
in some cases limiting the development in these areas if proper water management is not
carried out [5].

High water demand from arid and semi-arid coastal aquifers leads to the overexploita-
tion of the resource [5–7], causing a decrease in piezometric levels, mainly due to rainfall
scarcity. In addition, increased groundwater pumping due to an increase in the population
leads to seawater intrusion into the aquifer, influencing water quality. Precipitation infil-
trating into the soil can cause the dissolution of evaporitic materials that may reach the
aquifer, increasing ion concentration and affecting its quality [8]. The population needs
assessments to collect precise information on available resources based on hydrogeological
data [9]. Nevertheless, sometimes these hydrologic data are insufficient to understand
the hydrodynamic behavior of groundwater flow. It is necessary to use different research
methods such as hydrogeochemistry, stable isotopes, and ionic relationships, contributing
to the definition and adjustment of conceptual hydrogeological models. In addition to
hydrologic characterization, chemical and isotopic data on the water composition can help
constrain the hydrology of these coastal areas.

Specifically, anthropogenic pollution of coastal aquifers caused by sewage water from
septic tanks is on the rise. Due to the absence of treatment systems or inadequate mainte-
nance of existing ones, wastewater infiltrates and reaches the groundwater, decreasing the
quality of the water supply and harming certain agricultural activities [10,11].

Aquifers are widely used for water supply and economic-social development, mak-
ing the knowledge of the hydrogeological system, particularly groundwater source, recharge
zones, and residence time, crucial for the correct water use and management. In the Calama
aquifer in the Atacama Desert, Chile, hydrochemical and isotopic studies allowed us to
propose a conceptual model of the hydrogeological system [12]. In the Todos Los Santos
coastal aquifer in Baja California, Mexico, hydrochemical characterization detected marine
intrusion [13]. Isotopic techniques were used to characterize groundwater, recharge zones,
and zones of influence in the Ullum-Zonda and Tulum aquifers in San Juan, Argentina.
Such techniques were used to determine climatic changes at different recharge times in the
Botucatu aquifer in the Parana river basin, Brazil. In arid zones such as the Llamara salt
flat, Chile, isotopic techniques characterize groundwater hydrological processes, evapora-
tion problems, flow patterns, recharge, and discharge [14].

In the Santa Elena Peninsula (PSE), located on the central coast of Ecuador, there are
two different water management contexts. To the south, where the urban area is located,
water comes from the Guayas river basin through the Daule-Santa Elena diversion, while in
the north, the source of water is exclusive to the coastal aquifers located in the sector [15].
The Manglaralto river basin is in the western foothills of the Chongón-Colonche mountain
range. The aquifer is formed of Holocene alluvial deposits and rests discordantly on rocks
of ages ranging from the Upper Cretaceous to the Lower Miocene. The Cayo formation
forms the bottom-top stratigraphic sequence; it is 1700 m thick, has marine volcano-clastic
rocks and a sedimentary sequence that emerges in the upper basin. The Guayaquil forma-
tion is 370 m thick, overlays the Cayo formation, and is constituted by chert shales [16–18].
A shallow marine environment with limestone contributions resulting from marine trans-
gressions and regressions follows. These calcareous stratigraphic sequences are the Upper
member of the San Eduardo formation. (Javita member) of the Middle Eocene; they were
formed by calcareous flysch [16], in which coarse-grained calcarenites distinguished in
alternation with microbreaks and microconglomerates with a predominance of fossilized
algae fragments, with macro contents foraminifera of the Eocene and discocycline lep-
idocycline genus, pelecypod mollusks, bivalve remnant spicules, echinoderm spicules,
and bryozoan spines. The Socorro formation overlays this formation (Middle and Upper
Eocene), followed by the Seca formation (Upper Eocene). These two layers are part of
the Ancón group and have calcareous characteristics. Following this, is the Zapotal and
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the Dos Bocas member (Lower Miocene) belonging to the Tosagua formation Chloride
in the aquifer is due to the mixture of water that infiltrates from rainfall with connate
seawater [19]. The recharge of these aquifers depends exclusively on rainfall. The absence
of it, along with the increase in local and varying populations, hinders groundwater levels’
recovery over time. In the Manglaralto aquifer, there are 12 pumping wells, managed by
the Manglaralto Regional Drinking Water Management Board (JAAPMAN) [20], supply-
ing the Montañita, Manglaralto, Río Chico, Cadeate, San Antonio, and Libertador Bolívar
communities [21], reaching approximately 30,000 inhabitants. The economy in this part of
the coast is based on fishing, tourism, and gastronomy, but the floating population during
the beach season (January to May) can triple the water demand, causing the aquifer to be
overexploited [22,23]. In this sector, only 34.15% of the population is economically active
(INEC, 2010) [24]. Wastewater treatment in the study area is carried out by sewage and
oxidation ponds located in the Montañita community. In some cases, it does not cover the
entire population, mainly in the peripheries, which leads to the construction of septic tanks
that are not hermetic, allowing wastewater to escape and infiltrate into the ground [25].
In the Manglaralto basin, of approximately 52 km2, the unconfined aquifer shows phreatic
levels ranging from 1.72 m.a.s.l. (meters above sea level) in the wells closest to the sea
to 23.1 m.a.s.l. in the wells located inland in the lower basin. This aquifer develops in
the alluvial terraces over approximately 6 km2, consisting mainly of gravels, sands, silts,
and clays, through which groundwater flows. It is used in higher volume for supply by
92.67% of the inhabitants, 2.26% from surface water sources, 2.26% from surface water
sources, 2.26% from rainwater, and 3.34% from tankers [26]. Different factors such as
population growth, new housing projects in the area, seawater intrusion into the aquifer,
long periods of pumping, and the La Niña and El Niño phenomena have led inhabitants to
implement resilience strategies for aquifer recovery, such as the application of ancestral
knowledge by building a dyke-“tape” (ancestral word in Spanish that means dyke) in the
Manglaralto riverbed to increase recharge artificially [27,28]. The particular characteristics
of this aquifer are considered a natural laboratory where different studies are carried out.
Due to the residents’ resilient actions for sustainability, the area was named geosite as part
of the Geopark Santa Elena project [23,27].

In the Chongón-Colonche mountain range area where the upper basin of the Manglar-
alto River is located, at approximately 660 m.a.s.l., precipitation occurs that forms surface
runoff and water infiltrates through cracks or fractures until it reaches alluvial materials.
In the middle and lower areas of the basin, infiltrating rainfall water flows directly through
these materials. The thickness of the terraces in the upper and lower basin reaches 1 and
30 m, respectively. The extraction wells are drilled in the lower basin, where the best
hydraulic conditions are found (Figure 1, [19]).

The hydrogeological characteristics of the aquifer were investigated in previous works,
where an initial conceptual model was defined (Figure 2, [19]), and in research projects
carried out by the academy. Porosity ranges between 0.2 and 0.3, permeability ranges
between 1.6 and 5 m/day, and the storage coefficient is 0.002. These values were deter-
mined within the projects ECU/8/026: Characterization of Coastal Aquifers in the Santa
Elena Peninsula and RLA/8/041: Characterization of Coastal Aquifers in the Santa Elena
Peninsula, funded by the International Atomic Energy Agency (IAEA) [29,30].

Is it possible to get to know, through hydrochemical data and isotopic information, how
seawater intrusion, water quality, and type of water affect coastal aquifers management?

The work aims to characterize the waters circulating in the Manglaralto hydrogeo-
logical system, through hydrochemical and isotopic techniques, to determine the types
of groundwater, the presence of seawater intrusion, and the direction of flow. With this
information, a conceptual hydrogeological model is proposed to support decision-making
according to the aquifer’s correct management in terms of its quality for human consump-
tion.
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2. Materials and Methods

The general methodology considers three stages. The characterization consisted of
hydrochemical, Cl/Br and isotopic techniques.

2.1. Fieldwork and Laboratory Analysis

The hydrochemical characterization of the Manglaralto aquifer comprised data ob-
tained from eight wells in two sampling campaigns, August 2018 (dry season) and De-
cember 2018 (rainy season). The data obtained in situ were pH (potential hydrogen),
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temperature (T), Electrical Conductivity (EC), and Total dissolved solids (TDS). The Gru-
entec laboratory carried out chemical analyzes (Table 1).

Table 1. Hydrochemical data of groundwater in the Manglaralto river basin from August 2018 and December 2018.
Temperature, T (◦C), anions and cations (mg/L) and (mmol/L), EC (µS/cm), TDS (mg/L).

Well/Campaign pH
T EC Na+ K+ Ca2+ Mg2+ Cl− Br− SO42− HCO3− TSD

◦C µS/cm
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L

P2/August 7.1 26.5 7080
274 18 588 110 1224 5.1 272 303

286911.97 0.46 14.70 4.53 34.48 0.06 2.83 4.97

P3/August 7.2 26.9 3240
187 12 239 46 370 2.1 176 309

12428.17 0.31 5.98 1.89 10.42 0.03 1.83 5.07

P4/August 7.7 26 5370
317 14 346 73 723 3.8 394 383

211613.84 0.36 8.65 3.00 20.37 0.05 4.10 6.28

P6/August 7.5 26.1 1757
126 8.1 96 18 90 0.42 178 327

6965.50 0.21 2.40 0.74 2.54 0.01 1.85 5.36

P9/August 7.5 24.6 1729
133 6.5 87 22 111 0.5 176 391

7755.81 0.17 2.18 0.91 3.13 0.01 1.83 6.41

P10/August 7.2 24.5 1700
110 6.4 76 16 108 0.57 137 323

6464.80 0.16 1.90 0.66 3.04 0.01 1.43 5.30

P11/August 7.2 26 1512
74 7.4 87 15 86 0.4 121 303

5723.23 0.19 2.18 0.62 2.42 0.01 1.26 4.97

P12/August 7.5 25.2 1731
93 8.2 90 20 101 0.44 149 330

6134.06 0.21 2.25 0.82 2.85 0.01 1.55 5.41

P2/December 7.3 27.3 2370
173 11 294 55 487 1.6 170 293

18677.55 0.28 7.35 2.26 13.72 0.02 1.77 4.80

P3/December 7.5 26.7 961
141 5.4 62 16 80 0.34 118 280

5958.17 0.31 5.98 1.89 10.42 0.03 1.83 5.07

P4/December 7.2 26.4 1923
216 8.6 167 35 281 1.1 240 340

12039.43 0.22 4.18 1.44 7.92 0.01 2.50 5.57

P6/December 7.2 25.6 941
96 6 73 14 70 0.19 138 293

5984.19 0.15 1.83 0.58 1.97 0.00 1.44 4.80

P9/December 7.3 26 1296
151 5.7 85 26 103 0.31 166 389

7946.59 0.15 2.13 1.07 2.90 0.00 1.73 6.38

P10/December 7.4 26.4 1036
127 5.4 70 14 82 0.32 123 327

6535.55 0.14 1.75 0.58 2.31 0.00 1.28 5.36

P11/December 7.4 25.9 870
75 6.5 78 14 71 0.25 104 269

5413.28 0.17 1.95 0.58 2.00 0.00 1.08 4.41

P12/December 7.8 24.4 927
84 6.4 67 16 78 0.27 108 277

5743.67 0.16 1.68 0.66 2.20 0.00 1.13 4.54

The 16 samples were preserved at a constant temperature of 4 ◦C and subsequently
transported to the laboratories. Surfactants and hexavalent chromium were preserved with
sodium hydroxide and the metal ions with nitric acid. The Hach multiparameter (Elec 78
probe) was used to measure pH and temperature, and the WTW multiparameter (Elec 06
probe) was used for electrical conductivity determination.

The concentrations of calcium, magnesium, potassium, sodium, and bromide were
determined by inductively coupled plasma spectrometry coupled with a mass spectrometer
(ICP-MS), chloride and sulfate were determined through high-pressure liquid chromatogra-
phy (HPLC) and carbonate and bicarbonate were determined through volumetric titration.
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2.2. Hydrochemistry

The Piper diagram (1953) [31] was used for hydrochemical characterization of the
hydrogeological system. It plots the concentration of major ions water percentages in a
triangular diagram, in which each point corresponds to a sample. The program Easy-
Quim 5.0 was used to build the Piper diagram [31]. The chloride/bromide ratio [32]
suggests the origin of salinity and aquifer contamination due to the concentration of Cl−

and Br−, in which the first occurs only by rainfall and, in contrast, the second occurs by
marine-coastal environments. The Hydrochemical Facies Evolution Diagram (HFE-D) is a
rectangular diagram that allows analyzing the interaction of aquifer water with seawater
and its dynamics through the concentrations of the major anions (Cl−, HCO3− and SO4

2−)
and cations (Na+ and Ca2+) expressed as a percentage [33–37]. Concentration curves by
seawater and dilution curves by infiltration of rainwater were used to determine theoretical
processes of concentration and dilution, respectively [36–38].

2.3. Isotopes

This work used isotope data from a previous study (Table 2, [39]). The World Meteoric
Line, GMWL [39], and the Local Meteoric Line, LMWL [39], contributed to the 18O and 2H
data’s reinterpretation of the characterization of residence time and circulation dynamics.

Table 2. Compilation of Table 1 18O and 2H isotope data from the waters of the Manglaralto
hydrogeological system obtained in campaigns from 2012 to 2014 [39].

Well
2014-April 2013-November 2012-November 2012-January

18O 2H 18O 2H 18O 2H 18O 2H

P2 −2.06 −8.8 −2.30 −8.5 −2.20 −7.6 −2.01 −7.5
P3 −2.37 −8.7 −2.51 −9.9 −2.22 −7.8 −2.15 −8.3
P4 - - - - −2.26 −7.6 −2.05 −7.4
P6 −2.41 −9.0 −2.27 −8.3 −2.10 −7.4 −1.84 −8.8
P7 - - - - −2.32 −10.2 −1.99 −9.6
P8 −2.37 −8.6 −2.42 −9.0 −2.23 −8.7 −1.73 −8.6

P12 −2.38 −8.9 - - - -
P17 −2.53 −10.5 −2.65 −8.4 - - - -

River - - −2.32 −8.7 - - - -

3. Results
3.1. Hydrochemistry

The water samples (Table 1), characterized by the Piper diagram (Figure 3), indi-
cate two water families in the underground flow system. The first family of waters corre-
sponds to the wells further into the aquifer, presenting mainly calcium-sodium bicarbonate
facies with CE between 900 to 1700 µS/cm. The diagram shows that in the first campaign
in August 2018, wells P6, P9, P10, P11 and P12 present concentrations between 4.97 and
6.41 mmol/L of HCO3, between 3.41 and 5.95 mmol/L of Na + K, and between 1.90 and
2.40 mmol/L of Ca2+. In the second campaign (December 2018), the concentrations were
between 4.41 and 6.38 mmol/L of CO3 + HCO3, between 3.43 and 6.71 mmol/L of Na
+ K, and between 1.68 and 2,13 mmol/L of Ca2+. The second family corresponds to the
wells closest to the sea, which have the highest EC between 5300 to 7000 µS/cm, presenting
various facies, depending on the time of year. In the August 2018 campaign, wells P2,
P3 and P4 present concentrations of 34.48 and 14.70 mmol/L, 10.42 and 8.98 mmol/L and
20.37 and 8.65 mmol/L Cl− and Ca2+ respectively. In the December 2018 campaign, well P2
has concentrations of 13.72 mmol/L of Cl−, and 7.35 mmol/L of Ca2+ mmol/L. Well P4 has
7.92 mmol/L of Cl− and 9.43 mmol/L of Na+. Well P3 has concentrations of 5.07 mmol/L
of HCO3 and 8.17 mmol/L of Na+.
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The physical-chemical processes of dilution, evaporation, and mixing can affect Cl and
Br ions by varying their absolute concentration but not the ratio Cl−/Br−. The Cl/Br ratios
in the dry season and the rainy season range between 420 to 540 and 530 to 830, respectively.
There are differences between the wells closest to the coast and inland wells regarding
Cl ions’ concentration, with concentrated values ranging from 370 to 1200 mg/L for the
former and lower values between 80 and 110 mg/L for the latter. In the December 2018
campaign, the wells further into the basin were close to rainfall recharge waters, while the
increase in Cl− in the August 2018 campaign moved these wells slightly away from this
group (Figure 4). Wells close to the sea (P2, P3, and P4) show large differences between
the two campaigns. In the dry season, there is a predominance of flow from the sea to the
aquifer, which has a greater incidence of anthropogenic activity, due to the influence of the
urban area by sewage outlets, shown in Figure 4 as regards wells P2, P3, and P4. In the
rainy season, there is a predominance of flow from the aquifer to the sea, a dilution factor
occurring, strengthened by the artificial recharge caused using “tapes” or dams.

The seawater intrusion analysis carried out through the Hydrochemical Facies Evolu-
tion Diagram (HFE-D) shows marked differences between both campaigns, mainly in the
wells near the sea (Figure 5, Table 3). The analyses showed an electroneutrality between
1 and 11%, a typical range for water analysis. The August 2018 campaign shows that
five wells far from the sea (P6, P9, P10, P11, and P12) correspond to the sub-state called
f3 according to the evolved groundwater classification, generally considering freshwater
with -MixHCO3 facies and different cation percentages. Those samples show two groups,
the first (P6, P9, and P10) with -MixNa facies, and the second (P11 and P12) with -MixCa
facies. The remaining wells close to the sea are in a state i3 (seawater intrusion), presenting
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Cl− facies with percentages of -MixCa in two of these wells (P3 and P4) and high Ca2+ in
well P2.
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Table 3. Summary of the sub-state, phase, and ionic evolution of the groundwater of the Manglaralto river basin between
August 2018 and December 2018.

August 2018 December 2018

Well Sub-State Phase Ionic Facies Sub-State Phase Ionic Facies

P2 i4 Seawater intrusion Ca-Cl i3 Seawater intrusion Ca-Cl
P3 i3 Seawater intrusion MixCa-Cl f3 Freshwater MixHCO3-Na
P4 i3 Seawater intrusion MixCa-Cl f2 Freshwater MixCl-MixNa
P6 f3 Freshwater MixHCO3-MixNa f3 Freshwater MixHCO3-MixNa
P9 f3 Freshwater MixHCO3-MixNa f3 Freshwater HCO3-Na

P10 f3 Freshwater MixHCO3-MixNa f4 Freshwater HCO3-Na
P11 f3 Freshwater HCO3-MixCa f4 Freshwater HCO3-MixCa
P12 f3 Freshwater MixHCO3-MixCa f4 Freshwater HCO3-MixNa

In the December 2018 campaign, the wells within the basin show an evolution from
sub-state f3 (-MixHCO3) to sub-state f4 (-HCO3 freshwater facies). In wells P6, P9 and P10,
there is a slight increase in the Na cation, while in wells P11 and P12, there is an increase in
the concentration of carbonates. In P11, the Ca+ concentration decreases, and P12 evolves
from calcium to sodium. The wells near the sea show a particular evolution; in P4, chloride
decreases from a sub-state i3 (-Cl) to a sub-state f2 (-MixCl), evolving from -MixCa to
-MixNa. In well P3, there is a considerable evolution in ions, going from sub-state i3 (-Cl)
to sub-state f3 (-MixHCO3) and from calcium to sodium. Finally, P2 maintains calcium
chloride facies.

The HFE-D graph (Figure 5) shows moderate cation exchange processes in the aquifer.
Wells P3 and P4 are located further from the riverbed, where the presence of clayey
stratifications affects the Ca-Na cation exchange. On the other hand, wells very close to the
riverbed, which do not contain clay material, follow the pattern of not reflecting any cation
exchange process, except for well P12, which produces a slight cation exchange, according
to Gimenez-Forcada [33–35]. Because there are no clays in the riverbed while moving away
from the riverbed, there are clayey stratifications that affect the exchange.

The sub-state where the freshwater zone “f1” evolves corresponds to MixNa-Cl, “f2” to
MixNa-MixCl, “f3” to (MixCa-MixHCO3, Ca-MixHCO3) and “f4” to Ca-HCO3, where %Ca
< 66.6. The area where seawater intrusion evolves is “i1” to Ca-MixHCO3, “i2” to (MixCa-
MixCl, Ca-MixCl), “i3” to (MixNa-Cl (50 < %Cl < 66.6), MixCa-Cl, Ca-Cl) and “i4” to
MixNa-Cl, where %Cl > 66.6). The blue line is the succession of facies along the line of
mixing [34].

The Piper and HFE-D diagrams indicate that there are two types of water, chlorinated
and carbonated. The wells near the sea have calcium chloride water in the dry season.
In the wet season, due to the influence of rainfall and the effects of artificial recharge by the
dyke, well P4 changes its composition to sodium chloride and well P3 to carbonate sodium.
The well P2 keeps a calcium chloride composition but with a decreased Cl− concentration.
Wells P11 and P12 show calcium bicarbonate water in the dry season, whereas the chemical
composition in the remaining inland wells is sodium bicarbonate. Due to the infiltration of
rainfall during the wet season, all the inland wells present sodium bicarbonate composition,
except for well P11, which maintains its initial chemical composition (Figure 1, Figure 3,
and Figure 5).

The concentration of the aquifer water is determined using the fraction of sea water
(fsw), which is calculated as [37–39]:

f
sw =

CCl, sample − CCl,fwmin
CCl, Sw − CCl,fw

(1)

where, CCl,sample, is the Cl concentration in the sample; CCl,fwmin is the lowest Cl concen-
tration in aquifer water, and CCl, Sw is the Cl concentration in seawater.
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Theoretical concentration curves for seawater (Ci,fw−sw) are determined through the
following expression:

Ci,fw−sw = fsw × Ci,sw + (1 − fsw) × Ci,fwmin (2)

To determine the dilution of the aquifer waters by rainwater, the following expression
is used [37]:

Ci,fw−sw =
Ci, Cl

Ccl,fwmax
(Ci, fwmax) (3)

where, Ci, Cl is the Cl concentration in sample, Ccl,fwmax is the highest Cl concentration of
the samples, and Ci, fwmax is the sample with the highest Cl concentration.

The graphs of major ions versus Cl represent the chemical composition of the Manglar-
alto aquifer, indicating concentration and dilution processes. Considering the concentration
produced by seawater as a reference, calculated Ca, Mg, Br, and SO4 are lower than their
concentrations in the samples, while Na and K show higher than concentrations. Calcu-
lated sample dilution indicates that there is no dilution process except for the Cl vs. Br
ratio. In the relation Cl vs. HCO3, it is observed that HCO3 is kept constant by a chemi-
cal equilibrium with calcite. We calculated the saturation with calcite in the PHREEQC
program (USGS, United states, version 3.0), for wells P2, P3, and P4 of the August 2018
campaign; the Saturation Index (SI) is zero, and the calculated concentrations of CaCO3 are
close to those observed in the field, that is approximately 5 mmol/L (Figure 6).Water 2021, 13, x FOR PEER REVIEW 11 of 18 
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3.2. Isotopes

The reviewed stable isotope data ranges from −2.65 to −1.73‰ in 18O Standard Mean
Ocean Water (SMOW) and from −7.6 to −10.5‰ in 2H SMOW (Table 2). When plotted
along with the Local Meteoric Line (LMWL) determined by Merino (2014) [40] and the
World Weather Line (GMWM) by Craig (1961) [41], the isotopic data indicates that ground-
water in the Manglaralto hydrogeological system comes from local rainfall with a low
degree of evaporation and short residence time (Figure 7). The data located close to the
GMWL is typical of coastal areas and surface waters. The isotopic data for January 2012 are
the most evaporated samples and the furthest from the GMWL; in contrast, the campaigns
of November 2012, November 2013, and April 2014 fit this line quite well (Figure 7).
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4. Discussion
4.1. Hydrochemistry

Chemical imprints in groundwater occur due to various factors, which include dif-
ferent rainfall events in the basin, ion exchange, dilution of materials, and anthropic
activity [42–45]. In the Manglaralto aquifer, the Piper diagram distinguishes groups of
water that depend on rainfall recharge in the area. In the August 2018 campaign, there were
two groups: in the first group, the wells located inside the basin have a Na-Ca-CHO3
composition (freshwater); the second group corresponds to the wells near the sea, having a
calcium Ca-Cl composition (seawater intrusion). In the December 2018 campaign, the first
group remains with that composition, while in the second group, the concentration of
chloride decreases; thus, salinity decreases due to the mixing of freshwater from the aquifer
with seawater at recharge time, as in many coastal aquifers worldwide [46–48].

In both campaigns, the CI/Br relationship in the basin corresponds to recharge waters
resulting from rainfall in urban coastal areas with pollution influenced by seawater in a
semi-arid area [33]. In the wells near the sea, the first campaign corresponds to groundwater
with anthropic activity due to septic waste [49]. Moreover, values of fecal coliforms of
40 MPN/100 mL and total coliforms of 150 MPN/100 mL measured in well P3 support
this argument. In the second campaign, the infiltration of precipitation that recharges the



Water 2021, 13, 537 12 of 17

aquifer causes a shift in the classification due to the decrease in the Cl- concentration and
the Cl/Br ratio, located between both concentrations, producing a mixing process.

In the HFE-D, it indicates that there are wells that would be affected by the seawater
intrusion, showing that in the August 2018 campaign, wells P2, P3, and P4 are in the
intrusion zone (MixCa-Cl and Ca-Cl), and the wells within the basin are located in a
freshwater area with a carbonated mix but with a different cationic concentration (Ca2+,
Na+). The wells furthest from the sea, P11 and P12, are Ca-MixHCO3, and the remaining
wells are Na-MixHCO3. In the December 2018 campaign, when rainfall has occurred in
the basin, only P2 remains in the intrusion zone, observing that the rest of the wells are
located in the freshwater area with different states or concentration of -MixCl, -MixHCO3
and -HCO3. The process called direct cation exchange occurs in all wells except P2 and P11
due to the infiltration of rainfall into the aquifer producing a refreshing phase, consisting of
replacing Ca2+ by Na+ in calcium bicarbonate water, a typical process in salinized aquifers
that receive freshwater [35,50,51].

The simulation does not reproduce the concentration scenarios from seawater and
dilution due to rainwater infiltration. In the first scenario, the Ca, Mg, Br, and SO4 con-
centrations in the aquifer could be due to other contributions from the aforementioned
scenarios. The plaster dissolution that emerges in the basin could contribute CaSO4 to the
aquifer waters. The acquired high concentrations of Mg may be due to the dissolution of
carbonate rocks. In the case of Br, it would reach these concentrations by dissolving evap-
orites. The calculated Na and K, which are above the sample concentrations, could occur
by mixing seawater with aquifer water. In the second scenario, the Cl vs. Br graph is the
only one that reproduces the dilution model (Figure 6).

4.2. Isotopes

The stable isotope footprint (18O, 2H) in hydrological systems’ waters allows a better
knowledge of the origin and processes of evolution exposed. The reinterpreted data
for groundwater in the Manglaralto basin vary over time; depending on when in the
hydrological year the samples are collected, there are different values for the same well.
The samples analyzed in November 2012, November 2013, and April 2014 do not present
enrichment in 18O adjusting to the slope of the GMWL, suggesting that the source of
recharge would be the coastal rainfall in that area. The sample taken in the Manglaralto river
in November 2013 follows this trend concerning the depletion of 18O, demonstrating the
reduced residence time of groundwater and validating that the gravels, silts, and sands that
make up the Holocene aquifer have high hydraulic conductivity; thus the system recharges
in short periods. In addition, the P17 that is furthest from the sea shows that it is the lightest
result in stable isotopes, indicating that the rainfall in that sector of the basin belongs to a
precipitation event different from that of the lower basin and rapid infiltration. Its behavior
is something similar to what occurs in karst aquifers in the southern Mediterranean basin
in the Teboursouk area (Tunisia), where analyses of a group of waters in that area showed
that they conformed to the GMWL, indicating that they do not present evaporation and
that the recharge is fast due to the high conductivity of the karst ducts present in the
system [52]. However, within this group (including samples from January 2012), wells are
located between the GMWL and the LMWL; this would be due to different rainfall events
that produce the recharge, causing mixing processes in the aquifer; this commonly occurs in
other hydrological systems around the world [52,53]. The 18O enrichment of some samples
(January 2012 and April 2014) that do not correspond to the meteoric lines indicates that
they have undergone evaporation processes in the unsaturated zone [54,55]. During the
years when the samples were taken for both isotopes and hydrochemistry, there were no
extreme events (e.g., El Niño or La Niña phenomenon) conditioning the determination of
recharge zones or a marked variation in the hydrochemistry of water.
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4.3. Conceptual Model

A conceptual hydrogeological model of Manglaralto is proposed based on the analysis
and interpretation of hydrochemical and isotopic analysis (Figure 7). The chemical analysis
of the water in different parts of the aquifer system, especially in the area near the “tapes”
allows detecting salt contamination sources. Currently, in another project, a flow and
transport model is being configured considering the dykes, based on ancestral knowledge,
which influences recharge and saline intrusion. Undoubtedly, this flow and transport
model will validate hydrogeochemical dilution-concentration processes in the aquifer.
The results (Figure 8) complement and improve the conceptual model presented in Figure 2.
In addition to the seasonal effect, there is an influence of artificial recharge due to effects of
the dyke, since it stores surface water in the riverbed, leading to a longer residence time of
the water and delayed infiltration into the aquifer. The water table and the recharge are
variable in time, as indicated by the stable isotopes 2H and 18O, occurring exclusively by
surface runoff and infiltration of precipitation in the alluvial terraces of gravel and sand that
form the unconfined Holocene aquifer. This work proposes that part of the surface runoff
infiltrates in the upper and middle basin through cracks and fractures, recharging laterally
towards the northeast of the aquifer; in general, circulating water in the aquifer is a mixture
produced by different rainfall events. The global flow pattern of the hydrogeological
system is from the upper parts of the Chongón-Colonche mountain range (northeast)
towards the Pacific Ocean (southwest) [19]. The stable isotopes studied indicate that a
fraction of the infiltrating recharge evaporates in the unsaturated zone. Hydrochemical
studies show that rainfall recharge freshening the aquifer produces natural cation exchange
processes, causing calcium waters to become sodium. In areas close to the sea, the presence
of Ca-Cl water types shows the presence of seawater intrusion into the interior of the basin,
influencing the extraction by pumping to supply the population, decreasing the water table
due to overexploitation; the source of concentration within the basin would be produced
by the basement saturated with connate seawater. Also, in this area, there would be the
presence of underground water contaminated by anthropic activities.
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5. Conclusions

The hydrochemical characterization shows that ionic relationships have expanded the
knowledge of the hydrogeological system of the Manglaralto basin, regarding the types
of water, the origin of salinity, and the presence of seawater intrusion. The waters of this
system have a chemical imprint of Ca-Na-Cl and Ca-Na-CHO3; by mixing processes during
rainfall events and cation exchange processes (Ca2+ to Na+), the aquifer water is refreshed
with recent water from the recharge in the basin. The anthropic activity reflected in the
wells near the sea would be caused by the wastewater from the urban area that infiltrates
into the intrusion wedge that enters the continent. Ca-Cl’s chemical footprint in the wells
near the coast indicates the presence of seawater intrusion in the basin, mainly in dry
seasons, salinizing groundwater in these areas aggravated by pumping extractions.

Characterization using stable isotopic techniques indicates that the types of waters
present in the basin are due to different rainfall events. In one of these types, the water
infiltrates in short periods from the surface runoff of the Manglaralto river, according to
the aquifer’s high hydraulic permeability. In contrast, in another type, there is a mixture of
different rainfall events, therefore there are waters with different degrees of evaporation in
the unsaturated zone.

The conceptual model allows expanding the knowledge of the hydrological func-
tioning in the Manglaralto basin, which establishes that rainfall is the main parameter
concerning the types of water, as well as that it is the only recharge source with a short resi-
dence time in the aquifer; marine intrusion would be present and mixing with wastewater
from human activity.

The chemical and isotopic studies carried out in the Manglaralto basin contribute to
the knowledge of the behavior of coastal aquifers’ behavior where hydrochemical char-
acteristics are conditioned by sources other than seawater. The concentration of chloride
in the inland wells comes from the aquifer basement, which is saturated with connate
seawater, while in the wells near the sea, it is related to both seawater intrusion and the
basement. These interpretations are deduced from the analysis of the concentration curves
by seawater and dilution curves by infiltration of rainwater. With the knowledge gained in
this work, it concludes that for the correct management of the aquifer, actions should be
taken to protect recharge areas in the basin (river, alluvial terraces, and higher areas of the
Chongón-Colonche mountain range). Studies are required in the basin’s urban area to treat
wastewater and dispense with septic tanks in homes.
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