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Abstract: In the central region of Chile, the Mega-Drought together with the demographic increase
near the coast threatens groundwater availability and the hydrogeological functioning of coastal
wetlands. To understand the hydric relationship between an aquifer and a wetland in a semi-arid
coastal region of Central Chile (Valparaiso, Chile), as well as its geoenvironmental effects, four data
collection campaigns were conducted in the wetland—estuary hydric system and surroundings,
between 2021 and 2022, including physical, hydrochemical, and isotopic analyses in groundwater
(n = 16 sites) and surface water (1 = 8 sites). The results generated a conceptual model that indicates
a hydraulic connection between the wetland and the aquifer, where the water use in one affects
the availability in the other. With an average precipitation of 400 mm per year, the main recharge
for both systems is rainwater. Three specific sources of pollution were identified from anthropic
discharges that affect the water quality of the wetland and the estuary (flow from sanitary landfill,
agricultural and livestock industry, and septic tank discharges in populated areas), exacerbated by the
infiltration of seawater laterally and superficially through sandy sediments and the estuary, increasing
salinity and electrical conductivity in the coastal zone (i.e., 3694 uS/cm). The Del Sauce subbasin
faces strong hydric stress triggered by the poor conservation state of the riparian—coastal wetland
and groundwater in the same area. This study provides a detailed understanding of hydrological
interactions and serves as a model for understanding the possible effects on similar ecosystems,
highlighting the need for integrated and appropriate environmental management.

Keywords: wetland; coastal aquifer; groundwater; hydrogeochemistry

1. Introduction

The groundwater connection to land surface processes and surface water bodies is
multi-scale. These connections maintain flows along river corridors and into wetlands
during droughts, ultimately resulting in continental river flow and its discharge to the
oceans. These interactions across spatial scales close the hydrological cycle from the
continent to the oceans in a dynamic balance [1]. Wetlands are surfaces covered by saline,
brackish or fresh water, permanently or temporarily, artificially or naturally [2]. They
have a high economic and social value due to the functions they perform, the goods that
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can be obtained from them, and their attributes as a part of humanity’s cultural heritage,
although this has not always been the case. In the past, wetlands were considered unhealthy,
dangerous, and economically worthless places, associated with diseases such as malaria due
to the number of insects and other hydric diseases. This led to their misuse and abuse to the
point of eliminating them. However, from a few decades ago, they began to be seen as areas
of great diversity in plants and animals and given an important ecological and economic
value. Thus, due to the dual effects of human activities and natural factors, the area of
wetlands in the world has been decreasing and their quality has been deteriorating [3-9].

Many wetlands develop in places where groundwater is near the surface or are
generally fed jointly by surface water and groundwater, with their water being a mixture
of these two components [10]. Often, the aquifer status and the good condition of the
wetland ecosystem are linked [11,12]. Therefore, the rational use of wetlands [13] requires
that surface water, groundwater, and wetlands are managed in an integrated manner to
ensure ecosystem and water sustainability. Hence, this requires an understanding of the
interactions between groundwater and surface water, and therefore a robust hydrogeo-
ecological framework [14].

Despite the strong dependence between groundwater and humid areas, the relation-
ship between the wetland and the aquifer is often not known and this causes the use of
groundwater to affect and deteriorate these damp environments. The use of groundwater
for crop irrigation is one of the main problems suffered by aquifers. Overexploitation
to extract water produces a drop in the water table and a decrease in the wetland con-
tributions, especially during periods of low water levels when precipitation decreases.
Moreover, water pollution in aquifers, for various reasons, especially by irrigation returns,
can generate severe impacts in humid areas.

All this means that wetlands are among the most threatened ecosystems worldwide,
in such a way that since 1900 more than 64% of the planet’s wetlands have been lost,
affecting the diversity of species present in these ecosystems [15]. From the study of
wetlands of international importance, which integrates 2303 wetlands worldwide, Xu
et al. [16] acknowledge that the most significant impact factors are pollution (54%), the use
of biological resources (53%), modification of natural systems (53%), and agriculture and
aquaculture (42%), with the wetlands’ surfaces and environments being the most affected
objects. Specifically, riverine wetlands are usually mainly affected by pollutants from
domestic sewage, urban wastewater, garbage and solid waste, agricultural and forestry
effluents, industrial effluents, etc., and are the most affected in terms of biodiversity and
water resource regulations, while marine/coastal wetlands are the most vulnerable to
climate change [16].

In Chile, knowledge about groundwater is quite limited and less than that available
for other components of the hydrological cycle. This situation further complicates the
understanding of the functioning and status of its humid areas. The lack of information
on the distribution, quantity, and status of groundwater currently becomes more relevant
due to the risk of hydric deficit [17]. According to the Intergovernmental Panel on Climate
Change [18], the mean annual precipitation will decrease in mid and low latitudes by the
end of the century [18-20], reducing the annual average river runoff and water availabil-
ity [19], and will increase the sea level, which will extend the salinization of groundwater
and estuaries, affecting water quality and further reducing the availability of fresh water
for populations and ecosystems in coastal areas [19]. In the coastal basins of Central Chile
(30°-38° S) in Southern Latin America, both surface and groundwater resources are highly
dependent on rainy periods [21] and are therefore predicted to be under high water pres-
sure. In this central area of Chile, there are diverse types of wetlands, such as high Andean
meadows and temporary wetlands (stream ravines and streams) [22]. A large part of these
wetlands has been affected since 2010 by a notorious decrease in precipitation, with annual
deficits between 25% and 45%, generating a continuous dry period of several years that
has been called The Central Chile Mega-Drought [23]. This deficit generated a decrease in
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river flows, reservoirs, groundwater, and vegetation productivity in the northern sector of
Central Chile [24], in addition to a decrease of up to 90% in average river discharge [25].

The Valparaiso Region, located in this area of Chile, and on which this study is fo-
cused, is a clear example of the climatic and demographic affectation, in which humid
areas have begun to suffer. In 2021, accumulated precipitation as of June 30 reached about
100 mm at the Pefiuelas Lake station, while a normal year (calculated for the 1991-2020
period) reaches 300 mm [26]. At the same time, a deficit in the flow levels of more than
45% was recorded [26]. The Laguna Verde sector (33°05’ S-71°35" W) has faced significant
anthropogenic pressure, particularly since 2010, due to rapid growth in the accommodation
and tourism industries [27]. Additionally, the expansion of small-scale agriculture and
potential industrial surface pollution also affected the Del Sauce stream [28], the main
watercourse in the area. Consequently, the quality of this vital water resource has pro-
gressively declined [28-31]. However, the water from the estuary continues to be used for
irrigation and recreational activities in the coastal zone, as recorded by DGA [32] and Tobar
and Torres [33], and has been recognized in the summer period within the framework of
this study.

This research responds to the socio-environmental problems of the Laguna Verde
town (Valparaiso, Chile), and seeks to understand the relationship between groundwater
and surface water of the Del Sauce stream, to identify its conservation status, the causes
of this, and its possible geoenvironmental effects. Therefore, it is intended to advance,
using knowledge of the groundwater in this region, an accurate definition of the aquifer or
aquifers related to the Del Sauce stream, its geometry, typology, flow directions, its waters
classification, and its interaction with the wetland. To achieve this goal, a holistic analysis
was carried out covering hydrochemical, isotopic, piezometric, and physicochemical mea-
surements in both groundwater and surface water, inside and outside the Del Sauce basin,
during a full year of monitoring.

2. Methodology
2.1. Geographical Setting

The study area corresponds to the immediate surroundings of the Del Sauce stream,
where the town of Laguna Verde is placed, located on the western margin of South Amer-
ica in Central Chile, and has been delimited approximately between UTM coordinates
6,337,500 N-6,327,500 N and 250,000 E-258,000 E. The town of Laguna Verde is considered
a tourist center and is located approximately 9 km from the regional capital Valparaiso,
which in the last census of 2017 had 3686 inhabitants.

The region is part of the Pefiuelas Lake subbasin, defined within the so-called Coastal
Basins between Aconcagua and Maipo [34]. According to the Chilean Ministry for the
Environment, it is a continental, riparian, and permanent wetland type, which inte-
grates the Las Cenizas and Del Sauce streams, called Del Sauce Estuary Wetland (https:
/ /humedaleschile.mma.gob.cl/ (accessed on 10 July 2024); Figure 1). The Del Sauce stream,
(also called El Sauce), which flows into the sea in the Laguna Verde Bay, emerges in the
confluence area between the Las Cenizas and the La Luz streams [21] (sporadic contribution
from the outflow of the La Luz lagoon that acts as a reservoir, which in return receives
water from the Pefiuelas Lake; Figure 1). Along the valley of the Del Sauce stream, there
is a small detritic aquifer developing, of which waters are used to supply and irrigate the
Laguna Verde locality.

The Laguna Verde region is affected by a Mediterranean climate with winter rainfall
and coastal influence (Csbn), according to the Képpen—-Geiger climate classification, with
average annual precipitation of 600 mm and average annual temperatures of 14 °C [35].
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Figure 1. Map of the studied area: Left: Chile in South America and location of Valparaiso region (in
yellow). Right-above: location of the Pefiuelas Lake basin and the Del Sauce microbasin. Right-below:
geologic map of the Del Sauce microbasin, hydrographic network with flow direction, highlighting
the location of the Del Sauce wetland and industrial areas.

Upstream of the so-called Del Sauce wetland, in the locality of Placilla, the wastewater
treatment plant, owned by the ESVAL company (UTM coordinates: 6,333,341 N and
259,360 E, Zone S19; Figure 1) treats wastewater generated in the localities of Placilla and
Curauma (14.906 dwellings as of 2019) to be disposed in the Las Cenizas affluent, complying
with the Chilean emission standard for the regulation of pollutants associated with liquid
waste discharge to marine and inland surface waters, approved by the D.S. MINSEGPRES
No. 90/00 [36]. The treatment consists of a roughing stage for the removal of the garbage
that accompanies wastewater, then a stage of biological removal of the organic load in an
aerated lagoon, to then move to a settling lagoon, in order to separate the biological sludge
by assisted decantation, and finally a stage of effluent disinfection, treated with chlorine to
remove the microbiological load, for subsequent disposal in the Las Cenizas affluent [36].
Another relevant industrial point in the basin under study corresponds to the El Molle
sanitary landfill, which is called a treatment and final disposal center for household solid
waste, solid waste assimilable to household, and hospital waste, designed to use a surface
of 56.7 ha, and is placed in the same area of the former El Molle landfill, which covers a
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surface of approximately 30 ha, covering between both projects a total of 86.1 ha of the El
Molle property, located in the Quebrada Verde sector, Colorado Hill, in the coastal area of
the Valparaiso Region (UTM coordinates: 254,703.5 N and 6,335,741.6 N, Zone S19).

2.2. Hydrological and Geological Setting

The region has an abrupt relief, with low altitudes where the Del Sauce stream flows,
reaching between 1 and 20 m above sea level, surrounded by mountain ranges that rise up
to 550 m above sea level (Figure 1). The Del Sauce stream basin has an area of 34.2 km?,
a perimeter of 29.87 km, a width of approximately 6 km, and is defined as a microbasin
(according to the classification of Reyes et al. [37]). The compactness coefficient or Grav-
elius index provides a coefficient Kc = 1.44, indicating an average tendency to flooding
(according to the classification of Villela and Matos [38]). The hypsometric curve of this
microbasin compared with the curves proposed by Strahler [39] indicates that this basin
represents a mature river, being in an intermediate stage, characterized by being in a state
of equilibrium. The average slope of the basin reaches 19%, consequently, according to
Alcéntara’s classification [40], it corresponds to a “Moderately steep” basin. The structure
degree of the drainage network for the microbasin is of order “3”, which with respect to
the classification of the stream type determines a “medium” bifurcation degree [41].

From the geological point of view, most part of the Del Sauce basin is characterized by
the presence of an intrusive basement, with rocks such as diorites, gabbros, and tonalites of
Jurassic age, belonging to the Laguna Verde and Sauce units (Jlv and Js, respectively) [42,43].
In the middle and lower part of the Del Sauce stream, sedimentary rocks of Tertiary age are
recognized, such as a relic of the Navidad Formation (Tn; Figure 1), which is made up of
sandstones, shales, and siltstones, which have a maximum thickness of 120 m [44], and the
Potrero Alto Strata (TQpa). As quaternary deposits, the so-called Abrasion Terrace (QTt)
of marine origin are recorded in high sectors. The lower areas of the basin, where part of
the Laguna Verde town is placed, are filled with unconsolidated sediments comprising
fluvial deposits with interdigitated gravitational deposits, composed of medium sands,
fine to medium gravels, and small portions of clays, forming the unit Alluvial Deposits
of Holocene age (Qa) [43]; while bordering the coastline, there are unconsolidated beach
sediments, composed of sands and gravels of well-rounded boulders that may form active
dunes, and are defined as Current Littoral and Wind Deposits, of Holocene age (Qe;
Figure 1) [43]. Structurally, the Laguna Verde fault stands out, corresponding to a tectonic
fault of normal character, in an NW direction, with a sunken block toward the south (on
which the channel of the Del Sauce stream is placed), which extends along the northern
limit of the alluvial fill of the Del Sauce stream [43,45].

2.3. Hydrogeological Characterization

To define the hydrogeological units in the study area, after defining the drainage
basin, a geological survey was generated. Subsequently, the hydraulic and stratigraphic
background and pumping tests present in the records of the wells registered in the Chilean
Ministry of Public Works, requested through the Chilean Law on Transparency at http:
/ /www.portaltransparencia.cl (accessed on 16 January 2024), were reviewed. To complete
the information and obtain current data, two Porchet Tests were performed in the wetland
(UTM coordinates 251,347 E; 6,334,158 N and 253,003 E; 6,333,071 N). These data were
processed with the open-access AQTESOLV software version 4.0. Based on the geological
characteristics of the study area and the permeability or hydraulic conductivity ranges
obtained, the different geological formations were hydrogeologically characterized.

2.4. Flow Measurement

To determine the runoff flow in the Del Sauce stream, a gauging point was selected in
the upper course of the river, specifically in the so-called Las Cenizas stream (sector 520).
All this flow runs over the Del Sauce downstream until it reaches its final section before
reaching the sea, where it remains dammed for most of the year by a sandbank, in such a
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way that it does not discharge directly into the sea. During the campaigns carried out in
the area (4 campaigns during the years 2021 and 2022), it was detected as the only estuary
providing surface hydric resources. These measurements were performed with a Portable
Hydraulic Winch (FP111, Global Water), according to the velocity—area method, or Biihrer
velocity—area method [46].

2.5. Piezometric Measurement

Piezometric levels were measured in reachable wells, corresponding to 9 wells con-
structed in the Alluvial Deposit unit (P1, P3, P5, P6, P7, P8, P10, P14, P15), one in the unit
Current Littoral and Wind Deposits (P4), one in the Navidad Formation (P2), one in the
unit Potrero Alto strata (P26), one in the unit Abrasion Terrace (P27), and two in the Jurassic
Intrusives unit (P12 and P13; Figure 2). These measurements were carried out with a 100 m
water level meter (Holykell brand). From these measurements, isopiestic maps were gener-
ated to establish the flow direction, thus defining groundwater dynamics. Based on the
geographic density, an equidistance of 1 m was defined between each piezometric curve.
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Figure 2. Location of sampling sites and physicochemical data collection: Above: location map of the
study area and sampling points for surface water, groundwater, and rainwater collectors. Below-left:
details of the coastal and middle zone; below-right: details of the inland zone.
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2.6. Water Sampling

To characterize the surface water and groundwater chemistry in the studied area and
establish the hydric relationship of groundwater with the Del Sauce stream, four field
campaigns were conducted. Water was sampled for the physicochemical and isotopic
analysis. Sampling was carried out during the months of September-October 2021 (spring),
January-February 2022 (summer, dry season), April-May 2022 (autumn), and July-August
2022 (winter, rainy season).

The hydrogeochemical sampling points selected corresponded to groundwater (n = 16)
collected from wells located in the different geological units of the study area, and surface
water (n = 8), collected from La Luz Lagoon, Del Sauce stream, Las Cenizas affluent, spring
in the upper part adjacent to the sanitary landfill site, and surface runoff from this same
industrial area. In addition, during the winter and spring 2022 campaigns, three seawater
samples were collected in the northern, middle, and southern zones of the bay (M1, M2,
and M3, respectively; Figure 2). At each selected point, pH, total dissolved solids (TDS),
temperature, dissolved oxygen (DO), water electrical conductivity (EC), and chemical oxy-
gen demand (COD) were measured in situ with a portable multiparameter meter (HI98194,
Hanna) as well as free chlorine with a chlorine meter (Pocket Colorimeter 11, HACH).
Turbidity was measured with a turbidimeter (HI83414, Hanna) and color was evaluated by
visual comparison (St. Method 2120B; Table S1). Water samples were taken in triplicate
to be analyzed by major ions (calcium, magnesium, sodium, potassium, chloride, sulfate,
bicarbonate) and other secondary ions (such as nitrites, nitrates, phosphates, carbonates,
and fluorides), microelements (such as aluminum, bromide, manganese, lead, among
others) and microbiological elements (fecal and total coliforms). The elements boron and
strontium were measured in one sample from the sea, one from the coastal aquifer, one
from the inland aquifer, and one from the estuary at its mouth, for the last two sampling
campaigns. All analyses were performed following the methodologies proposed in the 24th
Edition of Standard Methods for the Examination of Water and Wastewater (details available in
Supporting Materials, Table S1).

For the first season sampling (spring: September—October 2021), 25 samples were
selected for the 2H and 80 water isotopic analyses in triplicates and 5 rainwater collectors
were arranged in a transect from the lower to the upper part of the basin (samples C1 to C5;
Figure 2). During the following field campaigns (summer, autumn, and winter of 2022), all
hydrogeochemical sampling points were considered for isotopic analysis. These samples
were sent for 2H and '80 water isotope analysis to the Alfred Wegener Institute for Polar
and Marine Research in Potsdam, Germany.

2.7. Data Analysis

For the morphometric, hydrogeological, and hydrodynamic analysis (flow model), as
well as for the preparation of thematic maps, ArcMap 10.4 software was used. Regarding
the hydrogeochemical information, the data were examined and analytically treated in-
dividually and in groups, in order to detect possible pollutant sources and the chemical
relationship between groundwater and wetland in their different sections. The data groups
correspond to the following (Figure 2): north coastal aquifer (wells P1, P2, P4, P5, P7);
south coastal aquifer (wells P3, P8, and P10), middle aquifer (wells P6 and P33), and inland
aquifer (wells P14 and P15). A multivariate analysis of variance (MANOVA) was performed
to identify the factors that most influenced the physicochemical parameters and major ions.
The free-access software Diagrammes (v 6.77) was used. To determine the irrigation water
quality, the Riverside diagram [47] and Chilean Standard 1333 [48], which sets out the
water quality requirements for different uses, were used. In turn, water—rock interactions
and the study of hydrogeochemical processes or pollution problems were established using
hydrogeochemical diagrams, such as modified Stiff Diagram [49], or Piper Diagram [50],
and the ionic relations rCl~ /rHCO;5~, rSO42~ /rCl~, rBr~ /rCl~, rMg,* /rCa,*, rK* /rNa*,
and rNa,* /rCl~ [51-53].
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For the isotopic analysis of both surface water and groundwater, the §'0 %o v/s §°H
%0 V. SMOW diagrams were used, performed with the software Diagrammes (v 6.77).

3. Results
3.1. Precipitation and Flows

The average annual precipitation in the Del Sauce region had great variability during
the years 2010 and 2022, years that are considered within the so-called Mega-Drought in
Central Chile (CR2, 2015). According to data from the meteorological directorate of Chile,
the average precipitation measured in the study area surroundings (Pefiuelas Lake weather
station: UTM coordinates 6,329,722 N and 261,586 E, Zone S 19), for a range of 30 years
(1992-2022), reached an annual average of 585 mm, while the precipitation recorded for
the range of the years between 2010 and 2022 (range within Mega-Drought) reached an
annual average of 406 mm, which represents a 30% decrease in precipitation of the area
in relation to a normal year. Within the period called Mega-Drought, in the study area,
a maximum annual precipitation of 677 mm was recorded in 2015, and a minimum of
129 mm in 2019. Regarding precipitation distribution over an average year, the maxima are
recognized mainly during the austral winter in the months of June, July, and August, with
average values of 127 mm, followed by the month of May of the autumn mid-season, with
an average of about 100 mm, while the minimum precipitation records are recognized in
the months of January, February, and March, corresponding to the dry summer season, with
seasonal averages of 1.9 mm, determining that the study area corresponds to a Unimodal
precipitation regime (Figure 3).
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Figure 3. Average precipitation in the studied area: (a) monthly average precipitation for the period
1992-2022. (b) annual average precipitation for the periods 1992-2022 (red), 2010-2022 (dark gray),
and detail of annual precipitation for each year between 2010 and 2022 (light gray).

Regarding Del Sauce stream hydrometry, the flow measured in the summer dry season
(March 2022) reached 0.2 m3/s, and 0.32 m3/s in the winter rainy season (August 2022),
estimating an average annual flow for the Del Sauce wetland of 0.26 m3/s.

3.2. Hydrogeology

Until now, the only hydrogeological information of the study area resided in the
reports conducted by the DGA (2017) [54] in which this zone was included within the
so-called Laguna Verde Estuary aquifer that comprises a large part of the Pefiuelas Lake
basin that extends inland toward the continent from the Pacific Ocean to approximately
27 km in a SE direction. Under this definition, the Pefiuelas Lake basin comprises a basin
surface of 204 km?, and an aquifer area of 43.8 km? (Figure 1).

Particularly, in the Del Sauce microbasin, based on the geological and hydrogeological
review carried out, two sets of varied lithologies have been defined that can be considered
as independent units with clearly different hydrogeological behavior (Figure 4).
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Figure 4. (a) Hydrogeological units in the Del Sauce microbasin. (b) Details of geological units of
HU1.

Hydrogeological Unit 1 (HU1): Denominated in this study as Laguna Verde Detritic
Coastal Aquifer or Laguna Verde Aquifer. This is a detritic aquifer formed mainly by
alluvial sediments such as medium sands and fine to medium gravels with small portions
of clays, belonging to the Alluvial Deposits formation [43] that fill the valley of the Del
Sauce; by poorly consolidated detritic rocks that constitute the Navidad Formation located
on the northern edge of the valley, with a maximum depth of 120 m [44]; and by quaternary
wind sediments (coarse-to-medium sands), which form a small strip of approximately
200 m from the coastline inland, and are called Wind Deposits Unit [43]. Thus, the Laguna
Verde Detritic Coastal Aquifer reaches a total area of 5 km?, and a perimeter of 16,668 m.
The aquifer thickness is not known exactly, since most of the points do not reach the
impermeable wall. According to the information obtained in this study based on the
constructive characteristics of the existing wells, everything indicates that it would present a
minimum of 10 m in the coastal zone and 25 m in the inland zone. According to information
from some aquifers in adjacent coastal basins with similar characteristics, these small coastal
aquifers have a maximum thickness of 30 m [34]. This unit acts as a free detritic aquifer.

The hydraulic characterization of this unit, transmissivity (T) and permeability (k),
has been made from the reinterpretation of pumping tests for the geological units. In
the Alluvial Deposits, it has been determined that T reaches an average of 200 m2/ day.
Considering an approximate saturated thickness of 20 m, the permeability (k) obtained
was 10 m/day. Locally, the two Porchet tests performed for this study in this unit revealed
an infiltration rate of 124 and 194 mm/h, corresponding to a permeability k = 3 and
4.7 m/day, respectively. In the Navidad Formation, a transmissivity of 195 m?/day and a
permeability of 7.8 m/day were measured, considering an approximate saturated thickness
of 25 m. These results indicate that both lithological sections have good hydrogeological
characteristics and constitute a good aquifer.

Hydrogeological Unit 2 (HU2): Defined by the Jurassic intrusive rock units (grouping
the Laguna Verde and Sauce geological units), which in the study area are recognized as
highly weathered and with a high clay content, with estimated permeabilities based on their
granulometry close to 10~7 m/s. In addition, this unit includes the unit Abrasion Terrace,
corresponding to high marine terraces located on the crystalline rocks, the unit Potrero
Alto Strata, and Paleozoic intrusives. Although in this unit there are home extraction
wells, the difficulty of these wells to contain and provide significant or enough water
volumes throughout the year is also recognized. The catchments in this unit presented very
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depressed piezometric levels, and in many of them, when water was extracted for sampling,
these dried up, which shows the low productivity of the catchments. This hydrogeological
unit corresponds to a very poor aquifer or aquitard.

3.3. Heads and Relation between Stream and Aquifer

Based on the piezometric levels, the dynamics of groundwater flow in the Laguna
Verde aquifer were analyzed. Broadly speaking, the isopiestic maps elaborated for the
dry and humid seasons suggest a certain similarity in the behavior throughout the year
(Figure 5a,b). The flow of the aquifer waters has a general direction from the southeast,
which corresponds to its highest part, toward the northwest, where the discharge into the
sea occurs.
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Figure 5. (a) Location of the Laguna Verde aquifer, with details of the Piezometric map for summer
2022 (December to March, austral dry season). (b) Location of the Laguna Verde aquifer, with details
of the Piezometric map winter 2022 (June to August, austral rainy season) isopiestics every 1 m. Red
arrows indicate recharge zones to the Laguna Verde aquifer.



Hydrology 2024, 11, 174

11 of 25

A piezometric threshold in the coastal zone stands out, where higher levels are reached
in the sector where the Del Sauce stream flows, which is maintained over time, resulting in
a groundwater divide that would separate the northern and the southern sectors.

Three sectors were recognized with high piezometric altitudes throughout the year.
The most relevant in the interior zone of the aquifer, in the headwaters of the basin, with
altitudes above 10 m a.s.l., a second sector of smaller extension, recorded in well P2, and
the third in the middle sector recorded in well P6, both with piezometric altitudes above
8ma.s.l

3.4. Hydrogeochemistry of the Hydrological System
3.4.1. Physicochemical Parameters

Details of the physicochemical parameters of the hydrological system under study are
presented in Table 1. The annual average of total dissolved solids (TDS) in the waters of the
Del Sauce and Las Cenizas streams reaches 920 mg/L, and increases downstream, recording
652 mg/L in the upper zone 520, until reaching 1263 mg/L in the lower Sauce or mouth.
The TDS in the Laguna Verde aquifer has a spatially varying distribution, with 457 mg/L in
the inland zone, passing through the middle zone with 633 mg/L, to the coastal or discharge
zone, where it reaches 2173 mg/L, a behavior similar to the one presented by electrical
conductivity (EC) in the zone. According to the Freeze and Cherry [55] classification, the
waters from the north and southern coastal aquifer are classified as brackish (>1000 mg/L
TDS). On the other hand, the artificial lagoon S30 and the dump flow 523 present annual
averages of 10,567 and 6144 mg/L, respectively. The waters of HU2 reach 657 mg/L.

The pH in the waters of the Del Sauce and Las Cenizas streams ranged between 6 and
8.4, with an annual average of 7.6, while groundwater has a pH between 6.8 and 7.2, with
an average of 7. The waters of the lagoon adjacent to the sanitary landfill in the upper sector
of the basin (S30) and of the dump flow from the same sector (523) have an annual average
pH of 6.5 and 8.1, respectively. On the other hand, the groundwater that characterizes
Hydrogeological Unit 2 (HU2) has an annual average pH of 7.4.

3.4.2. Major and Relevant Ions

Table 1 shows concentrations of the major ions and recommended ones in the waters
of the study. During the studied period, Las Cenizas (S20) was the unique affluent feeding
the Del Sauce stream. In this sampling site, the major ion is bicarbonate (271 mg/L), with
values similar to those found in the upper section of the Del Sauce stream (224 mg/L).
In its middle and lower sections, chloride becomes predominant in the wetland waters
(329 and 440, respectively). The predominant ion in the inland zone of the aquifer is
bicarbonate (159 mg/L), a composition similar to that of the middle zone (159 mg/L), with
the difference that there is an increase in chloride ions, from 69 mg/L in the inland zone to
124 mg/L in the middle zone, with the latter ion becoming predominant in the coastal zone
of the aquifer (807 mg/L). The samples from the flow coming from the sanitary landfill
(523) have annual averages of chloride and sulfate of 1987 y 1640 mg/L, respectively, while
in the lagoon S30, sulfate predominated with 2179 mg/L. On the other hand, HU2 waters
present similar concentrations between bicarbonate (166 mg/L), chloride (168 mg/L), and
sulfate (106 mg/L) ions.

Nitrates show an annual average of 6.5 mg/L in the Las Cenizas affluent, 13.3 mg/L
in the upper section of the Del Sauce stream, 9.4 mg/L in its middle section, and 9.7 mg/L
in its lower section. Low nitrate concentration was detected in groundwaters from the
inland sector. In its middle section, nitrates in the aquifer reach an annual average of
2.3 mg/L, with the highest concentration in the southern coastal sector with 64 mg/L,
followed by the north coastal sector with 51 mg/L. The artificial lagoon S30 presents an
annual average concentration of this ion of 21.2 mg/L, while the dump flow 523 reaches the
highest concentration of nitrates in the hydric system with 155 mg/L. The nitrates present
in HU2 reach 34.5 mg/L.
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Table 1. Concentrations of the major ions and recommended ones in the waters of the study area (mean + SD mg/L) and annual average and standard deviation of
physicochemical parameters measured in situ in the study area. TDS: total dissolved solids; T: temperature; EC: electrical conductivity; OD: oxygen demand; COD:
Chemical Oxygen Demand; TUR: turbidity; COL: color.

Major Ions and Recommended Physicochemical Parameters
P " HCO3 Ccoz2~ a- 5042~ Na* K* Mg2* Ca?t NOz NO, ™~ DS T pH EC DO Ccop TUR coL
arameters mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L (mg/L) o) (uS/em) (mg/L) (mg/L) NTU Pt-Co
5 North coastal aquifer 219 + 44 05+09 854 + 469 424 + 327 149 + 146 105+6 94+ 81 114 + 98 51455 06+0.1 2493 + 1094 155413 68405 4155 4+ 2044 36421 3124262 10411 12848
H s““”;::;fi‘r’aml 162 + 39 01401 761 + 666 185 + 108 219 + 279 148 + 45 55 + 26 80+ 28 64+ 86 03+06 1853 + 1186 163+12 69404 2925 + 2211 52414 80+58 14423 54415
i Middle aquifer 159 + 30 07+ 14 124 + 46 99 + 68 54424 21404 27410 30+ 14 24 +36 02403 633 + 142 165+ 09 72406 1309 + 462 66+2 36451 1724236 48415
g Inland aquifer 159 + 30 03403 6949 60 +29 59 + 59 17409 36 + 30 67 +74 13415 0.01+0 4577 + 200 163 + 03 72406 643 + 172 42425 22428 79+ 124 106 + 159
o HU2 166 + 48 04403 168 + 75 106 + 67 71435 46+3 R+1 40 +20 35+ 57 02402 657 + 230 169+ 19 74407 1134 + 291 62422 27435 54+113 67492
La Luz Lagoon 108 +6 51486 34+3 2841 41435 22412 37 + 46 131 + 199 3+29 0.02+0 229 + 44 164+ 49 83406 405 +26 78428 446 4596 45+28 63+25
5 Las Cenizas (S19) 287 + 50 11407 101 +31 183 + 24 56+ 24 625+ 55 3149 71417 24 +33 01+0 637 + 75 142+ 43 74405 1213 + 288 56+39 917 + 62.7 22 +16.8 29 + 246
£ Las Cenizas (520) 271 423 05+03 137 + 58 162 + 23 59 + 28 167 + 1.3 2045 72423 65+6 014002 652 + 139 16.6 + 4.8 72404 1124 + 288 59+17 615+ 317 16.6 +10.1 175+5
= High El Sauce 224 + 44 29+28 155 + 17 155 + 25 62428 174423 246 75+ 23 13411 34405 702 + 227 128426 7.9+ 04 1429 + 624 5+28 582 + 262 140+ 74 150 + 5.8
g Middle El Sauce 187 + 62 16+12 329 + 125 185 + 29 134 + 98 18+ 3.4 33+11 66+ 13 94485 26+26 1064 + 327 16.14 + 2.4 59438 1831 + 562 81+2 57.6 + 28 132491 188 +25
£ Lower El Sauce 171 + 48 3422 440 + 222 189 + 36 119 + 126 20 +34 37+ 12 63+15 9746 8.02+7.1 1263 + 539 152452 78+03 2279 + 1108 82417 6224379 16.6+9.8 150458
& Artificial Lagoon S30 1+5 0+0 6388376 2179 + 2000 186 + 192 69+ 56 74432 90+ 35 21424 03404 10,567 + 2263 153435 65+35 15,532 + 2503 72+1 223.9 + 1127 39417 30 +£54

Dump Flow S23 356 4 116 37+3 1987 + 344 1640 + 421 88 +12 34 +£155 90 + 44 111 +£25 155 + 144 10.7 £13.6 6144 + 1567 11.9+17 81+04 8552 + 1172 78+£0.7 248.3 £ 56.1 103 +£03 113 £25.5
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Regarding the hydrochemical facies identified by the Piper diagrams for surface water,
it can be established that, in general, the waters in the Las Cenizas affluent have clear
mixed facies with respect to cations and anions, while in the Del Sauce stream, they are of
chloride and mixed types with respect to cations. On the other hand, the waters of the La
Luz lagoon, located in the eastern part of the study area, are of the bicarbonate type, while
they vary between calcic and mixed with respect to cations (Figure 6).

CHNO3

Legend

O Las Cenizas stream  © Del Sauce stream
@ Dump flow @ Spring
@ La Luzlagoon

Figure 6. Piper diagrams for surface water of the study area in summer 2022 (left) and winter
2022 (right).

Regarding the other surface sources sampled, the artificial lagoon S30 and the dump
flow S23 correspond to sulfate- and chloride-type waters, respectively, a condition that is
maintained during the entire year (Figure 6).

Regarding the aquifer waters (Figure 7), mixed chloride and sodium facies are gener-
ally observed. However, during spring, the waters in the north coastal (P1) and southern
coastal (P3 and P10) sectors are characterized by a sodium chloride water type. In winter,
this tendency is observed more locally at points P10 and P33.

As shown in the modified Stiff diagram, the maximum mineralization was reached in
spring 2021, while the lowest mineralization was recorded in summer 2022. As a tendency,
mineralization gradually increased from summer to winter 2022 (Figure 7).

From the microelements analysis carried out in the waters of the entire hydric system
studied (Table 2), the high value of Br stands out for surface water, where this element
was highest downstream, reaching the lower Sauce area with concentrations of 7 mg/L.
In groundwater, the presence of the minor constituents Al, Ba, Br, Fe, and Mn is observed
with higher annual average concentrations than expected (>0.1 mg/L), highlighting the
presence of Br, mainly in the north coastal zone, reaching concentrations of 18 mg/L. The
inland zone presents concentrations of 1.8 mg/L of Br and 1.3 mg/L of Fe, while in the
middle sector, both elements increase to 3.1 and 3.2 mg/L, respectively. In the runoff from
the sanitary landfill (523), Br reaches the highest concentration of the entire hydric system
with 59.4 mg/L exhibiting high seasonal variability. On the other hand, the artificial lagoon
530 presents average Br concentrations of 12 mg/L, in addition to 4.5 mg/L of Al and
14 mg/L of Mn. In HU2 waters, the presence of Br (i.e., 3 mg/L) and Fe (i.e., 2 mg/L)
stands out. The annual averages of the microelements omitted in the table (B, Cd, Li, Mo,
Ni, Pb, Ag) had concentrations below the detection limit in all samples (<0.01 mg/L).
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Table 2. Analysis of microelements in waters of the studied hydric system.
Microelements (mg/L) F Al Ba Br Co Cu Fe Mn v Zn
E North Coastal aquifer 0.2 +£0.03 07 +24 0.1 4+0.03 179 £ 12.7 0.01 £ 0.001 0.03 +0.03 05+14 1.1+16 01401 0.03 £ 0.03
g Southern Coastal aquifer 0.2 £0.02 06+15 0.1 +0.01 11.5+95 0.008 + 0.004 0.01 £ 0.005 02402 0.01 £+ 0.007 0.06 + 0.03 0.03 £+ 0.02
'g Middle aquifer 0.2 +£0.05 01+0.1 0.04 £ 0.02 31+08 0.01 £+ 0.00 0.04 £ 0.06 32+47 03+0.5 01+01 0.03 £+ 0.03
E Inland aquifer 0.2 +£0.03 02+03 01+0.1 18+1 01+0.1 0.02 £ 0.02 1.3+13 06+13 0.01 £ 0.004 0.04 £ 0.05
6 UH2 03+0.1 08+24 0.02 £ 0.02 3.0+1.2 0.009 + 0.003 0.02 £ 0.02 19+58 0.04 +0.05 0.02 £+ 0.01 0.04 £ 0.04
La Luz Lagoon 0.19 £ 0.0 0.77 £ 0.5 027 £ 0.4 0.83 +£ 0.1 048 +0.8 0.04+0.1 247 +£35 01+0.1 0.01 + 0.0 0.021 + 0.0
5 Las Cenizas S19 046 +0 22428 0.05 + 0.01 11+0 0.01 £+ 0.01 0.01 £ 0.01 23+26 0.62+0.3 0.02 £ 0.01 0.03 £ 0.01
= Las Cenizas S20 0.45 + 0.06 0.64 +0.16 00240 194 +07 0.01 + 0.01 024 +04 213 +0.2 0.2 +0.06 00140 0.07 £+ 0.09
% High El Sauce 0.4 +0.03 05+0.3 0.03 + 0.005 3.0+09 0.007 £ 0.00 0.1+0.1 1.2+03 03+0.1 0.01 +0.0 0.04 + 0.006
9 Middle El Sauce 0.4 £+ 0.06 1.6 £+ 3.04 0.04 £ 0.006 5425 0.008 + 0.004 0.03 £ 0.03 1.1+1 0.6+0.3 0.01 +£0.0 0.01 £ 0.06
E Lower El Sauce 04+01 09+03 0.04 0.0 7+3.6 0.01 £ 0.001 0.03 £ 0.00 12+02 0.6 £02 0.01 £ 0.0 0.01 £ 0.0
©n Artificial Lagoon S30 0.2 +0.03 4.5+ 0.01 0.1 £+ 0.005 122+0.7 0.01 £+ 0.001 0.03 £+ 0.00 25403 139 £ 3.6 02401 0.04 + 0.009
Dump Flow S23 0.1 £0.02 0.2 4+0.01 0.1 +£0.02 594 +135 0.01 £+ 0.001 0.01 £+ 0.00 0.9 £+ 0.00 41+03 04402 0.01 £ 0.0

3.4.3. Biological Contamination and Water Quality

Fecal coliforms were detected in all the groundwater samples from the coastal zone,
with a particularly high abundance in the P4 well with >2400 MPN /100 mL. Fecal coliforms
were also retrieved in the surface water of the artificial lagoon S30 (>2300 MPN /100 mL),
in the flow from the sanitary landfill (523) and at the mouth of the Del Sauce estuary,
suggesting that these waters are limited for certain uses and crops.

In comparative terms and based on multiple indicators that include salinity, EC,
TDS, Cu, V, and the presence of fecal coliforms, the best water quality for irrigation is
recognized in La Luz Lagoon and in waters of the inland part of the aquifer, while the least
recommended would be the waters of the north coastal part of the aquifer, those of well
P10 (southern coastal aquifer), the waters of the artificial lagoon (S30), and those of the flow
from sanitary landfill (523).

3.4.4. Ionic Ratios

To establish the hydrogeochemical processes occurring in the Del Sauce stream and
the interrelationship between the different surface waters and groundwaters, some ionic
ratios, such as rCl/rHCOj3, tMg/rCa, rK/rNa, rBr/rCl, and rNa/rCl, were calculated for
each of the established water subgroups (Figure 8).

Since this is a coastal system, the influence of seawater may have some significance;
therefore, ionic relations were determined for the seawater of Laguna Verde Bay. The
annual mean values obtained were rCl/rHCO3; = 297; rtMg/rCa = 5.9; rK/rNa = 0.02;
rBr/rCl = 0.03; and rNa/rCl = 0.84. The spills and HU2 were also characterized. In the
flow S23, the ratios calculated for summer and wintr were rCl/rHCO3 = 19.3 and 5.6;
rMg/rCa =1.5and 1.6; rK/rNa = 0.29 and 0.22; rBr/rCl = 0.01 and 0.02; and rNa/rCl = 0.07
and 0.08, respectively, all indicating some variability of the effluent salinity over time.
Regarding HU2, these relations are much lower and show some stability. In the Del Sauce
stream, it can be noted that the rCl/rHCOj3 and rMg/rCa ratios increase from the upstream
until the downstream section. This situation is similar between summer and winter.

Regarding the inland aquifer, it shows low values representative of freshwater in which
mineralization is predominantly acquired by rock dissolution. However, groundwaters
from the coastal part exhibit a greater variability. Interestingly, the highest rMg/rCa ratio
(i.e., 1.84) was calculated in the P4 well from the north coastal aquifer during the dry season
(summer). In this same dry season, rCl/rHCO3 and rMg/rCa ratios in groundwaters from
the middle part of the aquifer were 1.54 and 1.55, respectively.

During the winter rainy season, the rCl/rHCOj ratios show a seasonal maximum of
10.3 in well P2 in the north coastal aquifer. The rMg/rCa ratio shows a value of 1.86 in well
P4 of the north coastal aquifer, and a ratio of 1.46 in well P10 of the southern coastal aquifer.
Finally, the rNa/rCl ratio shows a value of 0.54 in well P2 from the north coastal aquifer,
whereas wells P10 and P3 from the southern coastal aquifer exhibit higher ratios of 0.96 and
1.03, respectively. The Del Sauce stream in its lower section shows a rNa/rCl ratio of 0.18.
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Figure 7. Laguna Verde aquifer hydrochemical maps, modified Stiff (left) and Piper (right) diagrams,
for seasons: (a) spring 2021; (b) summer 2022; (c) autumn 2022; (d) winter 2022.
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Figure 8. Comparative plot between ionic ratios of the studied hydric system. Superficial waters are
highlighted in color and groundwaters are represented in black.

3.4.5. Isotopic Analysis

We observed a correlation between the waters of the estuary-aquifer system and
the global meteoric water line (Figure 9). The superficial waters of the mainstream are
lighter than the groundwaters of the aquifer. These waters were found to be more depleted
in 580 %o and 5°H %o in the highest sector (Las Cenizas; P20), with —10.4 5180 %o
and —79.7 82H %o, and it is gradually enriched until the lower zone (lower El Sauce; S25),
already close to its mouth, where averages of —7.3 §'80 %o and —58.3 §°H %o were recorded.
During the 2022 sampling, a gradual decrease of 5'®0 %o and of 6°H %o was observed
since the summer season, where a maximum average of —7.3 680 %o and —61.5 8*H %o
V SMOW is recorded in these waters, until winter with an average of —9.8 §'80 %o and
—70.9 8°H %o V SMOW. In spring 2021, mean values were —9.2 180 %o and —71.6 *H %o
V SMOW.
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Figure 9. Diagrams of water isotopes §'80 %o and 8°H % V SMOW for the total waters sampled in
the four sampling campaigns: (a) spring, (b) summer, (c) autumn, (d) winter. In blue, global meteoric
water line (GMWL).

Regarding the groundwaters of the Laguna Verde aquifer, the values are more similar
to those of precipitation than to those of the main stream. The rainwater collected and
analyzed showed values between —4.81 and —8.41 of '80 %, V SMOW and between —30.3
and —53.89 of 5°H %0 V SMOW, matching those of the GMWL. In groundwater, 5'80 data
showed a low dispersion of data during the year (i.e., values between —4.65 and —7.11 §'80
% V SMOW, averaging —5.64 80 % V SMOW). However, 5°H showed higher variability
with values between —21.9 and —49.33 (average = —35.64 52H %o V SMOW; Figure 9). On
one hand, the sites the most depleted in both indicators correspond to P1, P10, and P15,
showing characteristics of possible evaporation, because they are located slightly below
the Global Meteoric Water Line GMWL [56-58]. On the other hand, the water samples of
the aquifer corresponding to P7 and P2 are recognized for being located above the Global
Meteoric Water Line and with the highest §?H ranges of the aquifer (annual averages of
—26.5 and —25.7 §°H %o V SMOW, respectively).

While HU2 has a stable behavior throughout the year, well P12 robustly showed an
isotopic signature similar to that of well P1 from the north coastal aquifer, with evidence of
evaporation (i.e., slight enrichment in deuterium). Regarding the points associated with
spills, the dump flow (523) presents annual mean values of —4.9 '80 %o and —19.6 §°H %o,
while 830 records 0.7 580 %, and —5.8 5*H %, V SMOW.
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4. Discussion

Water scarcity in coastal areas is rising due to the increase in land occupation in
these attractive zones. The increasing need for water generates significant pressures on
the physical environment, especially on surface and subterranean water, which causes
alterations to the natural environment. To carry out suitable hydric management, it is
necessary to have a complete knowledge of the environment and of the relationships
between water bodies. However, sufficient information is not always available, and in the
specific case of the Laguna Verde locality (Valparaiso, Chile), there is hardly any data on
the groundwater behavior and its relationship with surface water.

Based on the analysis and interpretation of the hydrological background and the
collection of hydrodynamic, hydrochemical, and isotopic data, a conceptual model of the
functioning of the Del Sauce wetland—-Laguna Verde aquifer hydric system is proposed
(Figure 10). The valley through which the Del Sauce stream flows constitute a small detritic
aquifer whose main recharge is rainwater [21], while discharge into the sea can occur
when the sandbar is opened. Precipitation during 2010-2022 shows the effects of the Mega-
Drought that affected this area of the country, whereby precipitation was reduced by a
mean of 25%, with occasional losses of 75%, as occurred in 2019 when only 130 mm was
received [35]. During the last few years, the Del Sauce stream presented average flows
of 0.26 m3/s, coming from the Las Cenizas affluent. The isotopic signature of the stream
waters confirmed that the water from the La Luz reservoir, which is much heavier due
to evaporation processes, does not reach the Del Sauce stream, nor does the water from
the artificial lagoon S30, which is strongly affected by pollution from the sanitary landfill.
The flow values recorded during this study cannot be compared with data prior to the
Mega-Drought as there are no previous records; however, hydrometric backgrounds in
discharge zones of other natural channels in Central Chile indicate that these values would
be reduced by up to 90% of the expected normal value [23].

From the piezometric information, significant anomalies are those shown in the sectors
where wells P2 and P6 are located, as they present higher levels than the rest of the
catchments. These could be related to possible water transfer areas from the lateral edges
to the Laguna Verde aquifer.

Regarding the relationship of the Del Sauce stream with the Laguna Verde detritic
coastal aquifer, everything indicates that in the inland zone (high Sauce, upstream), it
behaves as a gaining river throughout the year (aquifer provides water to the stream) until
it nears points P15 and P14, where the extraction of large water volumes alter this dynamic
and cause a descent cone. It is more complex to establish the hydraulic relationship in the
middle zone. As mentioned above, the existence of a possible recharge edge in its southern
part makes it easier for the stream (middle Sauce) to behave as a gaining river, although
pumping at point P33 could affect this relationship. Finally, in the coastal zone, the estuary
behaves mainly as a losing stream, and it only occasionally receives some groundwater
contributions. This behavior is not very usual, since the wetlands connected to the aquifers
tend to feed them in rainy seasons, while in dry seasons, the opposite process occurs.
However, the estuary that forms this wetland is dammed by a sandbar for most of the
year, breaking up naturally in rainy seasons, which generates an increase in surface runoff
water in dry seasons, and a decrease at certain times when the passage to the sea is opened
in winter.

The isotopic signatures of the water wells P1 and P10, both located on both sides of
the estuary, are somewhat more depleted than the other points of the aquifer in the coastal
zone. This could be due to the mixing of the aquifer waters with the infiltrated waters
coming from the humid zone.
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Figure 10. Conceptual hydrogeological-hydrogeochemical model of the Del Sauce wetland-Laguna
Verde aquifer hydric system. Schematic plan view.

However, the different uncertainties mentioned above should be verified with longer
piezometric monitoring and a higher number of sites. Bianchi et al. [59] and Schiavo
et al. [60] suggested the use of stochastic simulations using the Monte Carlo method
to capture the inherent variability of aquifer systems by generating multiple scenarios.
Given that the available data come from a few wells and the column information shows
variable and heterogeneous lithological characteristics, the best approach to establish a
good conceptual model is through a stochastic model. Geostatistical methods, which are
less demanding as they require little information, based on an estimated structural model
with its uncertainty, have been applied with good results in heterogeneous detrital aquifers
similar to those of Laguna Verde. We hereby provide the first step of a longer monitoring
that will allow, with the use of these powerful models, the efficient assessment of the
uncertainty in the geological and piezometric data.

In general, the stream waters vary from bicarbonate to (weakly) chloride in its upper
course, with low mineralization, to chloride and sulfate waters with greater mineralization
in the mouth zone, and with a progressive increase in nitrates concentration. All this causes
the quality to deteriorate downstream. It is noted that the estuary waters have a certain
salinity throughout their length and are not recommended for irrigation. This coincides
with previous studies in which they were classified as poor-quality waters [28,31]. In its
final section, the presence of fecal coliforms was also detected.

Groundwater presents a hydrodynamic and hydrochemical behavior similar to that of
the stream waters. Broadly speaking, the water flow is from SW to NE, which is locally
altered by the pumping effects. The chemical composition of its waters shows that the
dominant facies in the inland part of the aquifer is bicarbonate, while the proportion of salts
increases toward the coastal zone, with chloride becoming dominant. Another noteworthy
characteristic is the presence of fecal coliforms in the coastal zone. This analysis shows
the gradual deterioration of the water system from its source to the area closest to the
coast, where high values of chlorides (440 mg/L) and nitrates (9.7 mg/L) stand out in the
estuary, and with high values of chlorides (807 mg/L) and nitrites (57 mg/L), as well as Br
(18 mg/L), in the aquifer. The highest values in the entire water system were retrieved from
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runoff 523, which comes from the landfill and delivers its water to the coastal zone with
annual averages of chloride and sulfates of 1987 and 1640 mg/L, respectively, 155 mg/L of
nitrates and 59.4 mg/L of bromine.

All this indicates that in the coastal zone, both groundwater and surface water are
affected by anthropic pollutant sources. First, the most important pollutant source cor-
responds to the flow coming from the vicinity of the sanitary landfill in the coastal zone
(523), which has notoriously high annual averages in relevant parameters (e.g., TDS, COD,
sulfates, chlorides, nitrates, potassium), including the presence of coliforms; all these param-
eters are in ranges that some authors associate with leachates from sanitary landfills [61].
Their influence on groundwater seems clear because an elevation of the piezometric surface
is generated in the environment of the discharge and there is a significant influence on
the water quality near the discharge (wells P2 and P7). Also, the values of the ionic ratios
rCl/rHCO; or rtMg/Ca showed a similarity with those of the waters of this discharge, and
the waters near the discharge present similar isotopic signatures. Finally, this water coming
from the upper zone flows through a ravine of an E-W direction that has previously been
interpreted as an inferred fault in the intrusive rock unit [43]. Therefore, it is not ruled out
that this fluid may also infiltrate in some percentage along its route and flow into the aquifer
subsurface through HU2 if the fault is considered to behave hydraulically as conductive, a
behavior generally expected in 70% of faults, and in 60% of faults in crystalline rocks [62].

Secondly, the smaller-scale agricultural and livestock industries present in the in-
land and middle zone of the watershed (avocado plantations, cattle ranches, and alfalfa
plantations in the inland zone of the basin; and small-scale crops in the middle zone)
are considered another source of pollution. This pollution is detected by the progressive
increase of up to 50 times more nitrates in the coastal zone of the aquifer compared to the
inland zone. Such behavior is not observed in the surface water of the wetland, which has
nitrates in similar concentrations throughout its length, which is interpreted as a direct
infiltration of nitrogenous elements from the unsaturated zone into the aquifer, mainly as
a result of agricultural and livestock activities in the upper and middle zone of the basin,
where these industries are located. This is consistent with the EEA (2023) [63], which rec-
ognizes that mineral fertilizers and manure are the main sources of nitrate concentrations
in groundwater in the EU, and it is estimated that 80% of the nitrogen spill to the aquatic
environment in the EU comes from agriculture.

Finally, another source of pollution may correspond to raw wastewater and septic
tank liquid discharged mainly in the populated area, affecting the saturated zone of the
aquifer and the Del Sauce stream in its coastal zone. Based on the Metcalf and Eddy (1995)
classification [64], this coastal sector presents high levels of wastewater indicators such as
the presence of fecal coliforms throughout the year (up to 350 MPN /100 mL), maximum
chloride and sulfate concentrations of 660 mg/L and 225 mg/L, respectively, and high TDS
contents (annual mean of 1263 mg/L). This type of pollution is also detected in the Las
Cenizas affluent, in the locality of Placilla, upstream of the water treatment plant (S19),
recognized by the significant presence of fecal coliforms (>1000 MPN /100 mL), TDS annual
mean of 637 mg/L, and high sulfate and chloride concentrations. The lack of infrastructure
for the management of wastewater in the aquifer zone has led to the accumulation of
pollutants in water bodies, which negatively affects public health and the environment,
and shows the need to implement an adequate sanitation system.

In general, ionic relations, such as rCl/rHCOj3, rBr/Cl, or rtMg/Ca, do not seem to
show values that make us suspect a generalized marine intrusion in the aquifer. However,
a salinity anomaly was observed near the estuary and other specific sites (i.e., P3, P4, and
P10) whose ionic ratios are elevated at certain times and could point to some influence of
seawater. In winter, storms and rough waters increase in the study area, a sector that has
been classified as having a medium-to-high sensitivity or susceptibility to suffer floodings
on the coastal edge due to storm surges. Other authors have assigned these processes as
responsible for the mixing of fresh and saltwater [65-73].
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When the sandbar that during a large part of the year dams the waters of the Del
Sauce estuary opens in the sector of its mouth, the surface seawater intake occurs through
the estuary, affecting its waters, which in turn infiltrates the nearest areas of the aquifer (i.e.,
P10). During the dry season (summer), a time of low aquifer recharge, it was detected that
the rMg/rCa ionic ratio shows in P4 a ratio of 1.84, a value that is only attributable to a
mixing with seawater. This seawater inflow possibly takes place from the coastline to at
least 140 m inland (P4), laterally through the sandy sediments present in the coastal strip,
an expected event in this type of aquifer [74], and/or horizontally because of flooding due
to storm surge events.

The shallow depth of the piezometric level, the increase in rough waters and storms
in recent years, and the increase in the population that uses the hydric resource in the
Laguna Verde locality, together with the impact of pollutant sources, have reduced the
freshwater availability for the populations and ecosystems in this coastal area. And this
coincides with the findings reported by the IPCC [19], as this sector is very sensitive to
the possible effects of climate change. The above exacerbates the relevance of employing
suitable hydric resource management, where the basin as a territorial geographic unit
is the most appropriate for the planning and management of water quality [17]. One of
the most important management factors is the allocation of sufficient water of a quality
suitable for the population and for maintaining the functions of the wetland ecosystems to
be conserved. This requires consideration and management of land-based activities that
affect coastal wetlands, such as commercial agriculture (which reduces available runoff
in the headwaters of the basin), the damages caused to riparian areas (which alter the
flow configuration and erosion/deposition patterns), and the extraction of an excessive
groundwater volume (which can lower the phreatic zone and thus reduce the baseflow
for wetlands and terrestrial ecosystems) [13]. This raises the need to obtain resources from
other sources, such as desalination. The intake of seawater and brackish water through
the ground, if feasible, presents favorable aspects, since they are susceptible to producing
freshwater by membrane processes (desalting) at a lower production cost than seawater
desalination [75]; therefore, it is of interest to promptly assess the possible extraction of
these waters from the coastal aquifer, associating it with its possible environmental effects.

5. Conclusions

In the coastal region of Central Chile, the physical, hydrochemical, and isotopic analy-
ses have been complementary in achieving a general and specific view of the behavior and
quality of a wetland—aquifer hydric system. Under a climatic context of Mega-Drought in a
Mediterranean climate, the quality of the hydric resource in the study area is recognized to
be very deteriorated. Given the hydraulic connection, the specific pollutant sources have
affected both the wetland and the estuary. These sources correspond mainly to the flow
from the sanitary landfill and the one generated by the agricultural and livestock indus-
tries settled in the valley, in addition to slight seawater intrusion in some specific coastal
sectors, which has increased the salinity in this area. This study provides unprecedented
information about the physical, hydrometric, hydraulic, and hydrochemical characteristics
of a coastal wetland—aquifer hydric system in central Chile, and the effects of its hydraulic
connection. It contributes to a better understanding of the hydric dynamics and salinization
processes in a coastal sector affected by anthropic pollution, raising concerns about the
poor state of conservation of both surface water and groundwater resources, mainly in
the coastal sector. We raised the need for integrated management of the sector’s hydric
resources that internalizes climatic variability, not allowing the direct use of these waters
by the population, working on the reduction and elimination of the detected anthropic
pollutant sources, and developing strategies for the recovery of the waters of the Del Sauce
wetland and the Laguna Verde aquifer.
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winter 2022 (right).
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