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ARTICLE INFO ABSTRACT

Since 2014, reclaimed water has been used for agricultural irrigation and it has been discharged on a riverbed of
the Maneadero aquifer, Baja California, Mexico. To determine the effects of reclaimed water on groundwater
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methods and a 2D resistivity tomography. Reverse ion exchange and mineralization are the main processes
influencing the groundwater composition. The Cl/Br ratios identified seawater intrusion and solid waste, was-
tewater and animal waste as the main sources responsible for these processes, overlapping with the ratios of
reclaimed water. Nitrates are pervasive throughout the aquifer and §'®0yo3 and 8'°Nys attributed wastewater
and animal waste as the major nitrates inputs. Multivariate statistics were able to separate seawater and human-
derived processes. The 8804120 and 82Hyzoshowed the effect of mixing with d-excess of 5-6%o, indicating re-
charge other than precipitation. A mixing model using Cl~ and §'®0y4( and principal components revealed the
mixing proportion of seawater; whilst the over- and under-estimates of reclaimed water contribution are in-
dicative of missing end-members. The Na-Cl-Br-B systematics, however, suggest that reclaimed water result in
cation-exchange and adsorption reactions and once the adsorbed sites become saturated with respect of Na*,
Br~and B can be reflected in the groundwater composition. Additionally, resistivities indicate that reclaimed
water interacts between the fresh and brackish groundwater. Monitoring the efficiency of the vadose zone to
retain contaminants and distinguish them from reclaimed water is essential for evaluating groundwater quality.

1. Introduction groundwater quality deterioration and to increase water availability

(Murray, 2008; Voudouris, 2011 and references therein). Major chal-

Water is a scarce resource in arid regions and the great demand of
water from aquifers threatens water supply, particularly in coastal
areas. This over-abstraction leads to depletion of groundwater and to
groundwater salinization as seawater intrusion flows inland, resulting
in adverse economic and environmental impacts (Goebel et al., 2017).
Additionally, the high levels of salt in irrigation and the use of fertilizers
can also contribute to groundwater salinization (Foued et al., 2011).
Municipal reclaimed water (RW) has successfully been used worldwide
for aquifer recharge and crop irrigation in order to overcome
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lenges associated with these practices include health risks and en-
vironment pollution due to the transport of contaminants and patho-
gens in RW (Asano and Cotruvo, 2004; Toze et al., 2004). To obtain an
adequate treatment of the effluent and attenuate groundwater con-
tamination, the hydrochemical processes, including the long-term
(geological) and recent (anthropogenic) sources influencing ground-
water composition with respect to space and time need to be under-
stood. Understanding the processes and factors that control water
quality in the aquifers has important implications for water resource
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Fig. 1. (a) Lithological features and hydrological basin of the Maneadero valley. The yellow symbols indicate the location of the hot springs and the triangle symbol the location of
Maneadero urban area; (b) Location of the sampled wells and the RW discharge sites, and of the five geophysical sections across Las Animas creek (profiles P1-P5). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

management (Bouchaou et al., 2008).

Geochemical indicators are used to assess the hydrodynamics of the
aquifer such as groundwater flow, recharge rate, chemical weathering
of the various rock types and mixing between different sources other
than water-rock interaction (De Montety et al., 2008; Madioune et al.,
2014; Okiongbo and Douglas, 2015; Vengosh et al., 2002). In the
context of use of RW for artificial aquifer recharge, several studies have
evaluated the quality of the effluent after the recovery (De Bustamante
et al., 2010; Kanarek and Michail, 1996; Missimer et al., 2012;
Vandenbohede et al., 2009), as well as recharge associated with the use
of RW for irrigation and leakages from water supplies (Chen et al.,
2006; Vengosh et al., 1998; Wang et al., 2014). The use of potential
markers has also been investigated to trace the mixing and travel times
of RW using major and minor ions. Massman et al. (2004) estimated the
proportions of treated wastewater from K*, EDTA and B, and Bekele
et al. (2011) found the mixing with RW on the basis of K* and Cl~
concentrations. Kloppman et al. (2009) compared an artificial salt
tracer (KBr) with boron and lithium isotopes for tracing treated was-
tewater. Lithium isotopes proved to be valuable tracers, but were more
affected by sorption processes when compared to Br~. Bekele et al.
(2014) compared Br~, Cl~ and water temperature as tracers and pro-
vided consistent results with respect to estimating the residence time of
reclaimed water. The authors emphasized that results relied on data
from observation wells that intercepted flow paths and none from ab-
straction wells due to significant dilution from pumping. Whilst tracers
yielded similar residence times, the analysis of CI~ and Br~ tracers
revealed discrepancies, suggesting that a revised conceptual model of
the aquifer (i.e. transport directions) was required. Donohue et al.
(2015) applied geoelectrical measurements together with hydro-
geological data to characterize recharge-induced changes on ground-
water, demonstrating that geological settings need to be considered for
correct interpretations. Although several tracers have demonstrated to
be effective tools to trace the effluent recharge, these tracers are not
straight forward because both the input (effluent) and the background
(groundwater receptor) concentrations are highly variable both spa-
tially and temporally (Rueedi et al., 2009); and therefore, tracer results
must be interpreted with care, particularly in areas with multi-modal
flows (De Vries and Simmers, 2002).

Incidental recharge of groundwater from RW used for agricultural
irrigation and/or discharges to rivers unrelated to an artificial recharge
project usually occurs in developing countries. In most cases, the phy-
sical, chemical and biological reactions and the impacts that take place
in the aquifer are poorly quantified (Fosters et al., 2003). One example
of this in arid water systems in Mexico is the Colorado River delta
(Orozco-Duran et al., 2015; Daesslé et al., 2016, 2017). Another ex-
ample is the use of RW for agricultural irrigation and discharge of the
effluent in the coastal aquifer of Maneadero (Baja California, Mexico).
Over the past five decades, the low rainfall and over-abstraction of this
aquifer has resulted in seawater intrusion (CONAGUA, 1999; Daesslé
et al., 2014). In consequence, salinity has caused severe deterioration of
groundwater quality for agriculture and domestic water supply, re-
sulting in several wells being abandoned in the last 5 years. To reduce
the stress on water supplies and prevent seawater intrusion, in 2014, a
project initiated to irrigate 100 ha of flowers with RW and to discharge
the effluent into the creeks recharging the aquifer. However, the use
and the discharge of RW in the valley are disputed because there is not
enough knowledge about the RW and its impacts on groundwater
quality and public health that may result from aquifer recharge.

The aim of the present study is to assess the processes that have
affected the groundwater quality during the first three years of aquifer
recharge by using hydrochemical tracers such as major ion composition
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and stable isotopes of water (8'®0yy0 and 8?Hyno) and of nitrates
(8"0nos and 8'°Nyos), jointly with multivariate statistical methods
and electrical 2D resistivity tomography. This study is intended to be
the scientific baseline for aquifer recharge projects in the region and be
adapted into similar sites where coastal aquifers are depleted by over-
abstraction.

2. Methods
2.1. Study area

Maneadero Valley is located 15km south of Ensenada, Baja
California, at 31°41’N and 116°30’W (Fig. 1) and it is situated within
the “Sierra-Judrez-San Pedro Martir” physiographic province (Alvarez,
1949). The geological setting and hydrogeology have been described in
detail by Daesslé et al. (2014). The catchment area comprises two
perennial creeks which drain mainly during the winter rain season: San
Carlos creek at the Arroyo de Maneadero watershed and Las Animas-
San Francisquito, Las Animas creek at the Arroyo Las Animas watershed
(Fig. 1a and b). Both creeks drain 1879 km? and the studied aquifer has
an extension of 130 km?. The annual runoff of the San Carlos creek is in
average 10.34 Mm? and of the Las Animas 22.96 Mm® (Venegas, 2007).
Mixed hydrothermal systems surround the coastal aquifer of Maneadero
(Vidal-Lorandi and Vidal-Lorandi, 2003): to the NE the hot springs of
the San Carlos and Agua Caliente emerge from the upper section of the
San Carlos creek, to the SE the Uruapan hot spring lies within the Agua
Blanca Fault and it is located in the upper part of the Las Animas creek
and two hot springs (Punta Banda and Médanos de Punta Banda) are
located along the northern side of the Punta Banda sector (Fig. 1a).

The climate is semi-arid and the mean annual temperature and
precipitation are 16.6 °C and 253 mm respectively, with rainy season in
winter (CONAGUA, 1999). Agriculture constitutes the traditional eco-
nomic activity of the area and the main crops have been alfalfa, olive,
corn and some vegetables, with an increasing production of high
quality greenhouse horticulture for export, with a total crop area of
5300 ha.

Groundwater is extracted from ca. 350 active wells of which seven
supply the cities of Ensenada-South and Maneadero. The average depth
of wells is between 25 and 50 m (Daesslé et al., 2014). According to
official data, the aquifer over-abstraction is estimated at 17 Mm? (DOF,
2015). In order to use RW as a water source, in 2008, a 20 km pipeline
was built to connect the wastewater treatment plant (WWTP) of El
Naranjo with a holding tank of 2000 m® (Fig. 1b). In 2014, a 4 km long
pipeline was installed connecting the WWTP main pipe from El Naranjo
to irrigate abandoned agricultural land near the coast, namely for
floriculture (such as sunflowers) and fodder (alfalfa). In addition, two
pipelines were built to discharge the effluent in a public land nearby the
San Carlos creek and ca. 14,500 m®/d into the Las Animas creek.

The effluent from El Naranjo is categorized as “disinfected sec-
ondary 2.2” by the California Code of Regulation of the State of
California (2000), meaning that the median concentration of total co-
liform bacteria does not exceed a most probable number (MPN) of 2.2
per 100 mL for 7 days. The WWTP of El Naranjo receives urban was-
tewater for which the original water source are six wells nearby the San
Carlos creek within the same Maneadero aquifer; thus, a similar che-
mical composition to that of the local groundwater is expected for the
effluent.

The variability of water quality in the aquifer of Maneadero due to
seawater intrusion and nitrate pollution was first studied by Daesslé
et al. (2005, 2009) who described the constant progression of seawater
intrusion in the central and southern coastal sections and characterized
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the groundwater as an intermediate Na-Cl to Ca-Cl water type. Based on
geochemical characteristics and well locations, Daesslé et al. (2014)
identified four water quality zones, including one in which nitrates are
significantly enriched (with concentrations > 40 mg/L NO3 ™ -N).

2.2. Sampling

Fifty-seven groundwater samples were taken once during April 2016
from wells throughout the aquifer and repeatedly during rain and
drought seasons (November 2015, April 2016, March 2017 and August
2017) from 18 to 20 wells where RW discharges take place (Fig. 1b).
RW was sampled from the discharge points at the San Carlos and Las
Animas creeks, at an irrigation pond and along the RW-flooded Las
Animas creek (RW-B). The wells were running at the moment of sam-
pling or allowed to run for 10 min. Each of the water samples was fil-
tered with 0.45um Millipore” and collected in decontaminated poly-
ethylene bottles. Samples were acidified with 0.1 N trace metal grade
HNO; ™~ for cation analysis and stored at 4 °C. Those for nutrient ana-
lyses were frozen.

2.3. Analytical procedures

The pH, temperature and electrical conductivity (EC) were mea-
sured in situ using an YSI6600 probe. Total dissolved solids (TDS) were
calculated automatically using a 0.65 conversion factor from con-
ductivity and temperature. Cations (Na*, K*, Mg®* and Ca®*) were
determined using an Agilent 8800 ICP-MS instrument (Agilent
Technologies, Japan). Hardness was calculated according to Todd
(1980). Anions (Cl~, SO4>~, PO,> P and Br~) were analyzed by Ion
chromatography (ICS 5000, Thermo Scientific) with a Dionex Anion
Self-Regenerating suppressor (Dionex ARS-400 4 mm). Acid titration
with 0.5 N HCI was used to determine the concentration of bicarbonate
(HCO5™) and carbonate ion (CO327). Nitrate (expressed as NO3 ™ -N)
was measured with a Skalar San Plus flow analyzer and boron (B™) was
analyzed by Coupled-Plasma Optical-Emission-Spectrometer (ICP-OES).
For cations and anions, the relative standard deviation of the replicate
samples was less than 3%. The ion-balance error was calculated using
the Freeze and Cherry (1979) definition. Calculated charge balance
errors were found to be less than + 5%. In addition, the analytical
check described in Hounslow (1995) was considered for the testing
error.

Water Stable isotopes (8"80u20 and 8%Hymo) were determined using
a water isotope analyzer (2130, Picarro Inc. Santa Clara, USA), with an
accuracy of + 0.2%o for 82H and = 0.04%o for 8'%0. The nitrogen and
oxygen isotope analyses of nitrate were conducted on a GasBenchll/
delta V plus combination (Thermo) using the denitrifier method for a
simultaneous determination of §!°N and 8'®0 in the measuring gas
N,O, produced by a controlled reduction of sample nitrate (Casciotti
et al., 2002; Sigman et al., 2001). The standard deviation of the mea-
surement were * 1.6%o for §'20 and = 0.4%o for 8'°N. All the stable
isotopic compositions are reported in per mil (%o) relative to their
corresponding international standards (V-SMOW for §'%0 and §°H, AIR
for 8'°N).

2.4. Hydrochemistry

Chemical facies and dominant chemical processes were examined
by various graphical methods such as Piper (1944) and Stiff (1951)
using the computer program Diagrammes Version 6.5 (Laboratoire
d'Hydrogéologie d'Avignon, 2017). The hydrochemical characteriza-
tion was complemented estimating the two chloro-alkaline indices
(CAI-1 and CAI-2) according to Custodio and Llamas (1996). In order to
study the chemical equilibrium existing in groundwater from the study
area, mineral saturation indices (SI) were calculated with respect to five
minerals (anhydrite, calcite, dolomite, gypsum and halite) using the
code PHREEQC (Pakhurst and Appelo, 1999) from the computer
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program Diagrammes Version 6.5 (Laboratoire d Hydrogéologie
d'Avignon, 2017).

The theoretical fraction of seawater contribution (fsw) in mixed
freshwater was estimated from a mass balance equation using
Cl ™ according to Appelo and Postma (2005). The aquifer system re-
ceives a component of freshwater from two creeks; hence, two samples:
well 242 and the surface water of the Las Animas creek, LAC (collected
during a rainy season) were considered as end-members. The fsw was
then used to determine the ionic deltas (A) of Na*, Ca®* and Mg?* from
the mixed composition during the fresh-saline mixing. A three end-
member mixing analysis (EMMA) was employed to trace the mixing
proportion of RW. For this purpose, the concentrations (C) of the end-
member for seawater (Cgw), RW (Crw) and the two freshwater (Cgw)
were used to calculate fractions of water sources using the most con-
servative pair of traces (t1 and t2)in each sample (C;) as follows:

G = CiwfSW + CRwfRW + CpyfFW (@)
C? = CiyfSW + CiwfRW + ChyfFW @)
fow + faw + frw = 1 3

A three-EMMA was then applied using principal component analysis
(PCA) as described by Barthold et al. (2011) and Christophersen and
Hooper (1992) following the same set of equations in Egs. (1)-(3).

Groundwater suitability for domestic purposes is weighed based on
the synthetic pollution index (SPI) (Gautam et al., 2015):

1
K = =
izt 1/Si ()]
W, = K/S; %)
C
I= LW
; Si 6)

where I stands for synthetic pollution index; C; is the measured con-
centration of the parameter; S; is the World Health Organization stan-
dard values for the parameter (WHO, 2011); Wj is the weight coefficient
and K is constant of proportionality.

Static levels for 2016 by the Comité Técnico de Aguas Subterrneas
(COTAS) of Maneadero were used to model the groundwater table and
flow direction. The Arc map version 10.2 (ERSL, 2017) was used for
mapping the regional distributions of SPI values, TDS concentrations
and groundwater level with a GIS-based geostatistical model with the
Kriging spatial interpolation technique. The geostatistical interpolation
was adopted following the steps described by Machiwal and Madan
(2015). Details of the geostatistical models and their theory can be
found in Isaaks and Srivastava (1989) and Kitanidias (1997). The
geostatistical model for groundwater level was used to model the flow
direction by ArcHydro Groundwater (AHGW) tools (AQUAVEO, 2016).

2.5. Statistical analysis

Multivariate statistical techniques such as Q-mode hierarchical
cluster analysis (Q-mode HCA) and Q-and R-mode factor analysis (Q-
mode FA and R-mode FA) were used for interpretation of the distinct
groups of groundwater, as well as for thes patial hydrochemical pro-
cesses which may be associated with RW contribution. Euclidean dis-
tance was selected for similarity among the transformed data while
Ward's linkage method (Ward, 1963) was chosen as the optimal clas-
sification parameter. The statistical procedures were applied using the
software STATISTICA version 12 (Statsoft Inc., 2013). The data pre-
paration is based on the approach used by Cloutier et al. (2008). The
analysis constituted a data matrix of 58 samples by twelve variables.
These parameters include pH, hardness, major constituents Ca’",
Mg®*, Na*, K*, Cl7, HCO3~, NO3™-N, SO,2~ and PO,> P, as well as
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minor constituents Br ™. Boron and water stable isotopes were excluded
because they recorded a low communality (of less than 0.5), and their
variance is not shared with the other variables. Descriptive and non-
parametric (Kurskal-Wallis) statistical tests were used to summarize
and compare chemical data between the clusters. If the null hypothesis
(Ho = there is no differences between groups) was rejected, the non-
parametric Mann-Whitney U test was used to detect differences be-
tween specific groups. In addition, the regional distribution of the
clustered samples was considered.

Q-and R-mode FA were employed to test the reliability of the dif-
ferent processes (Ledesma-Ruiz et al., 2015; Singh et al., 2004) and to
evidence the effect of RW in the groundwater geochemistry. Principal
component was selected as the extraction method, whilst the Varimax
rotation was applied to reduce the contribution of variables with minor
significance facilitating the interpretation of the extracted factors
(Yidana et al., 2010). The scree plot and the Kaiser criterion (Kaiser,
1960) were used to determine the optimum number of factors to retain
and the validation of the FA was tested by the Kaiser-Mayer-Olin (KMO)
(Dimitrov, 2012; Hair et al., 2010).

2.6. Geophysics

In order to assess the flow of RW within the subsoil along the Las
Animas creek, five electrical resistivity tomography (ERT) lines were
measured across the riverbed, starting at the discharge site and ending
near the coast (Fig. 1b). Two of these lines were also studied in 2011,
prior to RW discharge (Daesslé et al., 2014) and used for comparison.
The new measurements were performed in October 2016, using Dipole-
Dipole, Schlumberger and Wenner arrays with 28 electrodes spaced
10m apart, forming a total length of 270 m for each ERT line. De-
pending on the noise level, Schlumberger and/or dipole-dipole and/or
Wenner were tried (even reverse dipole-dipole). This way, the quality
of the data and the model were assured. In one case the ERT line was
overlapped by 90 m in a roll-along scheme in order to obtain a total
length of 450 m. The electrical resistivity measurements were per-
formed using a SUPER STING R1/1P resistivity equipment.

The joint inversion of the mixed resistivity data was performed with
the method developed by Pérez-Flores et al. (2001) using their software
and 2D resistivity images were produced.

3. Results
3.1. Spatial data interpolation

Based on the cross-validation indicators, Ordinary Kriging provided
the best interpolation maps of the SPI, TDS data and water table, with a
coefficient of determination r* between the predicted and measured
values of 0.85, 0.60 and 0.92, respectively. Water levels in 2016 ranged
from —8 to 21 m above mean sea level (masl) with a general ground-
water flow direction from the coast and downhill along the riverbeds to
the central section of the aquifer near the riverbeds, where two de-
pression cones are located (Fig. 2). The spatial distribution of the data is
used to support the hydrochemical interpretations.

3.2. Aquifer hydrochemistry

Statistical analyses of the chemical composition in the water sam-
pled throughout the aquifer in April 2016 are presented in Table 1. The
ANOVA test (p < 0.01) shows statistically significant heterogeneity of
the water quality, except in temperature, HCO3~ and B~. TDS con-
centrations are 1080-26,950 mg/L, indicating the presence of brackish
(1000-10,000 mg/L of TDS) to saline waters (TDS > 10,000 mg/L). The
concentrations of the studied variables in about 80% of the samples are
higher than the WHO (2011) guideline values for drinking water and
the Mexican guideline of water for human consumption NOM-127-
SSA1-1994 (DOF, 2001). Hardness of groundwater exceeds the
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permissible limit of 500 mg/L (except samples 242 and 3) and is clas-
sified as very hard (Sawyer and McCarty, 1967). Concentrations of
NO3 ™ -N range from 0.01 to 49.5mg/L (average 11 mg/L) and almost
half of the samples fall above the limit for drinking water of 10 mg/L.

The significant correlation coefficients (p < 0.01) between the
transformed parameters are given in Table 2. The correlation of EC,
hardness and TDS with Na™, K*, Ca®*, Mg®*, SO,>7, Cl~, and Br ™~ as
well as among these variables are the highest and their coefficients of
determination are significant (/> > 0.7). The pH is negatively corre-
lated with the aforementioned variables (> = 0.5) and NO; ™ -N is only
positively correlated with HCO3 ™~ ™ = 0.38).

The cluster analysis results obtained from the HCA for the April
2016 samples classified the groundwater into three distinct groups
within the aquifer at Djjx/Dmax < 30 (Fig. 3). Stiff diagrams for each
cluster based on the average values are also presented in Fig. 3. Dif-
ferences between the three groups are significant (Table 3) and are
delimited geographically (Fig. 2). Cluster C1 (in blue) is mostly char-
acterized by the lowest mean values and includes ten wells distributed
adjacent to the upper part of the creeks, where the aquifers is recharged
and TDS < 1500 mg/L. The freshwater end-member LAC is also in-
cluded in C1. Cluster C2 (in yellow) correspond to samples with TDS
1500-5000 mg/L and likely represent mixing between C2 and C3
compositions. The three RW samples from the different campaigns are
included in C2. Stiff diagrams for C2 and RW have similar shape with
the dominant ions. The last cluster (C3, in red) consists of groundwater
closest to the coast with the highest TDS > 5000 mg/L.

The results from varimax rotated factor analysis are similar to those
from cluster analysis and indicate three factors (F1, F2 and F3) ac-
counting for 86% of the total variance (Table 4). F1 accounts for 60% of
the variance and associates hardness, Na*, Ca%*, Mg?™*, Cl~, SO,
and Br~, which reflect mineral water reactions influenced mainly by
seawater intrusion. Factor 2 (16% of the variance) groups K* and
PO,*> P with significant loadings in RW and sample 170, and F3 (11%
of the variance) has significant loadings for NO; ™~ -N and HCO5;~ and
includes those samples with high nitrate concentrations (> 18 mg/L
NO;~-N).

TDS concentrations between 1500 and 5000 mg/L are commonly
found in the aquifer and the lowest TDS concentrations are restricted to
some areas upstream of the creeks (Fig. 2). Dominant hydrochemical
facies (Fig. 4) are Ca-Na-Cl types, with 20% of bicarbonates of the total
anionic mass balance. Similar facies are found in the upper parts under
the direct influence of the creeks, but with higher bicarbonate content
(~40%). Groundwater near to the coast is characterized by a higher
salinity (TDS > 5000mg/L) and is of Na-Cl composition, with
HCO3~ < 10%. The freshwater end-members well 242 and the surface
water have Ca-Na-HCO3; and Ca-Na-Cl compositions, respectively. Two
groundwater samples (3 and 249) taken from Daesslé et al. (2005) in-
dicate that groundwater in the upper part of the San Carlos creek used
to be Na-Cl-HCO5. The water composition of the Punta Banda and the
Agua Caliente Submarine hot springs (Vidal-Lorandi and Vidal-Lorandi,
2003) are also considered, showing Na-Cl and Ca-Na-HCOs; types, re-
spectively.

The effluent water from the discharge sites is characterized by TDS
of 2000-3500 mg/L and hardness of 850-1130 mg/L of CaCOs. Boron,
K* and PO,*> P in RW are found to be 2%, 5x and 200 X higher than
the average local concentrations in groundwater, respectively (Table 1).
Only B~ in three samples (85, 112 and 160) and K™ in sample 170 have
similar concentrations with respect to RW. Samples 160 and 170 are
located in the coastal area, with the highest TDS of 14,190 and
26,950 mg/L, respectively; while sample 85 and 112 are nearby the
creeks where discharges with RW take place. The moderate variability
of the major ion proportions in the different RW samples exhibit a
comparable Na-Ca-Cl composition (Fig. 4), although the slightly more
mineralized RW collected in April 2016 shows a Ca-Na-Cl type.
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Fig. 2. Regional distribution of the TDS and the clusters from the Q-mode HCA in April 2016. The isolines indicate the water level.

3.3. Ionic ratios and cross-plots

In order to identify the interactions between groundwater and RW,
the Na-Cl-Br-B systematics (Fig. 5) are used in binary mixing curves as
molar ratios. The use of Cl/Br ratios to identify groundwater influenced
by RW and other potential sources of salinization is based on the ana-
lyzed RW and end-member fields published elsewhere (Alcald and
Custodio, 2004, 2008; McArthur et al., 2012; Panno et al., 2006 and
references therein). The Cl/Br vs. C1~ scatter diagram appears to reflect
the trends of mixing as chloride concentrations increase from back-
ground levels to the levels found in the sources (Fig. 5a). For the
groundwater samples from April 2016, samples with Cl~ concentra-
tions between 300 and 700 mg/L show an increase of Cl/Br molar ratios
(i.e. lower dissolved Br ™) and plot within the urban wastewater influ-
ence field. Then, samples with Cl~ > 700 mg/L overlap the end-
member domains of animal and human waste (leaching of solid waste
and urban wastewater) and marine intrusion, having high concentra-
tions of nitrates (up to 49 mg/L NO3-N). The RW molar ratios plot close
to those reported for urban wastewater and some samples present va-
lues similar to the RW effluent at Las Animas creek. Only five samples
(460, 187, 196, 170 and 161) plot within the end-member values for
seawater intrusion.

A second approach to assess the sources of water is by comparing B/
Cl with Br/Cl ratios (Fig. 5b). Groundwater samples with B/Cl ratios
higher than seawater (> 0.74 x 10~ >) plot either within the hydro-
thermal field or are in the transition field between seawater intrusion
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and hydrothermal waters. Only few samples plot within the agriculture
drainage field. RW has a B/Cl ratio of 2.3 x 10™° and plots in the
hydrothermal field, similarly to the groundwater from the upper part of
the San Carlos creek. Groundwater adjacent to the Las Animas creek
also appears to be related to hydrothermal waters; except for sample
430 for which B/Cl ratio is closer to seawater. The groundwater sam-
ples with lower B/Cl lower ratios (< 0.74 X 10~3) show a trend to-
wards seawater intrusion.

The relationship between Na/Cl ratios relative to Cl~ is often used
to identify the mechanism for groundwater salinization (Dixon and
Chiswell, 1992; Sappa et al., 2015; Taheri et al., 2017). The molar ratios
of the saline groundwater are compared to the theoretical mixing
combinations of the seawater (0.86), RW (0.72-0.78) and the LAC
(0.46). Most of the samples have Na/Cl ratios lower than seawater and
some lower than the LAC (except for three samples with the lowest TDS
concentrations), decreasing to 620 mg/L of C1~ (fsw < 0.02) followed
by ratios between 0.36 and 0.75 regardless the increase in Cl~ con-
centrations (Fig. 5c). The Na/Cl ratios in the different RW samples
approach those in the groundwater, including those wells nearby the
Las Animas creek. Variations in the positive chloro-alkaline indices
(CAI-1 and CAI-2) and negatives ANa (Table 1) indicate that reverse ion
exchange is the main process contributing to sodium, with greater Na™*
depletions in the samples that present higher exchange index.
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Table 1
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Statistical summary of the hydrochemical and isotopic data of seawater (from Appelo and Postma, 2005; Wolfsberg et al., 2009), RW ( + standard deviation), the LAC and groundwater

from selected wells (n = 57) from April 2016. Wells location in Fig. 1a.

WHO (2011) NOM-  Mean Min Max SD  ANOVA LAC  RW® RW" RW* RW! SW
127 (p < 0.01)
(DOF, Nov 2015 April 2016 August 2017 August 2017
2001)
pH 7-8.5; 9.2 6.5-85 7.1 6.6 7.7 0.2 0.00 7.4 7.0 7.2 + 0.1 6.8 + 0.6 7.6 *+ 0.2 8.1
EC (uS/cm) 6307 1438 38,574 6043 0.00 562 4885 3982 + 1143 4671 = 455 4432 45,000
TDS (mg/L) 500-1500 1000 4466 1080 26,950 4221 0.00 470 3017 2691 *+ 621 2886 *+ 76 3663 = 1088 35,000
Temperature (°C) 21.6 199 25 1.1 0.03 144 277 242 + 0.76  26.9 22.4 20
Hardness (CaCO3  100-500 500 1947 484 6873 1307 0.00 307 889 1057 = 113 915 + 61 870 + 222 6520
mg/L)
Na* (mg/L) 50-200 200 846 80 7903 1134 0.00 60 440 437 + 363 536 * 56 491 + 155 11,150
K*(mg/L) 12 5 3 21 3 0.00° 4 23 27 + 1.8 25 + 3 21 + 4 414
Ca®* (mg/L) 75-200 428 130 1131 2493 0.00 78 215 255 + 29 223 + 17 210 + 55 415
Mg?* (mg/L) 50-150 214 34 1097 180  0.00 27 86 102 + 10 87 + 4 84 + 21 1339
Cl~(mg/L) 200-600 250 2315 290 16,191 2577 0.00 203 1005 1282 + 105 1084 * 32 981 + 297 20,066
HCO; ™~ (mg/L) 311 162 441 53 0.02 110 270 398 + 27 401 + 26 448 147
€032~ (mg/L) 153 80 217 26 0.02 54 133 196 + 13 197 + 13 220 72
S0,%~ (mg/L) 200-400 400 370 92 2071 296  0.00° 41 219 206 * 32 240 * 6 217 + 49 2815
NO;~-N (mg/L) 10 10 114 0 49.7 12.7  0.02 3 * 0.25 7 x10°°
Br~ (mg/L) 6 6.1 0.90 541 8.7  0.00° 0.68 2.0 23 + 015 2.3 + 0.46 2.1 + 0.34 67.3
B~ (ug/L) 500 417 N.D. 836 189  0.04 878 4500
PO,>"P (ug/L) 30 19 110 13 0.00° 5140 + 90
8180 (%0) -56 6.6 -3.1 0.60 0.00 -60 —6.1 -6.8 £ 033 -58 +0.08 -55=001 00=*1
82H (%) -38.7 -456 -—23.88 3.7  0.00 -382 -—416 —48.7 + 24 —415 * 035 —40.2 + 0.07 0.0 * 5
d-excess (%o) 6.0 0.9 9.7 1.4 0.00 101 75 59 + 1.4 52 + 0.3 41 + 0.1 -5.0
Na/Cl 0.57 0.27  0.94 0.94 0.01 0.46  0.78 0.72 + 0.08 0.76 = 0.08 0.77 = 0.01  0.86
Br/Cl (x1073) 1.0 059 1.7 0.21  0.00 1.5 0.87 0.81 0.84 0.86 1.5
B/Cl (x10™%) 1.4 ND. 66 1.5  0.00 2.3 0.74
Ca/ 1.6 0.80 3.2 0.6  0.00 1.4 1.2 1.0 £ 0.10 1.0 = 0.05 0.90 = 0.16  0.35
(HCO3+ S-
04°7)
ANa -180 -78.6 1.2 17.7  0.00° 0 0.09 -27 +£19 -07 * 24 -02 +046 O
A(Ca+Mg) 185  -0.24 59.5 13.0 0.00° 0 6.6 82+ 19 6.6 + 1.1 6.4 = 2.6 0
CAI-1 0.43  0.09 072 0.12  0.00 0.53  0.20 026 + 0.1 022 = 0.1 0.21 * 0.01
CAI-2 1.96 0.09 6.06 1.34 0.00 1.09 062 0.74 + 0.2 058 = 0.2 0.49 + 0.1
fow 0.10  0.003 0.80 0.13  0.00° 0 0.04 0.05 = 0.01 0.04 0.04 1
Ca/(Ca+Na) (%) 44 12 68 9 0.00 60 33 33+5 32 +1 33 +1 4
SIp 0.51 -0.20 1.74 0.44 0.04 -0.68 0.24 0.94 + 015 0.22 = 094 1.5 = 0.01 0.93
Slg 027 —0.14 0.87 021 0.21 -0.26 0.13 0.49 = 0.08 0.13 = 0.46  0.80 0.05
SIo -12 -18 -0.55 026 0.00 -22 -1.4 -13 +0.06 —1.4 = 0.03 -1.4 = 0.02 -0.82
Slg -0.94 -155 -0.33 0.26 0.00 -19 -1.2 -1.0 £ 006 -1.1 = 0.03 —1.2 + 0.03 —0.60
SIy -48 -6.06 -27 072 0.00 -6.6 5.0 -48 + 0.09 —-49 = 0.05 -50 % 0.02 -25

SD standard deviation; EC electrical conductivity; TDS total dissolved solids; fsw sweater fraction; SIsaturation index and

A = anhydrite, G = gypsum and H = halite.

N.D. no detected.
@ RW sampled at the San Carlos creek discharge point.
> RW sampled at Las Animas creek discharge point.
¢ RW sampled from the discharge at an irrigation pond.
4 RW sampled along the RW-flooded Las Animas creek.
¢ Calculated by the Kruskall-Wallis test.

3.4. Water stable isotopes (880420 and 8%Hypo0)

The studied waters ranged between — 6.6 and — 3.1%o for 8'%0 and
from —45.6 to —23.9%o for §2H. The surface water at LAC has a §'%0
of —6.0%0 and a 8°H of —38.2%o; while RW has the most negative
values for April 2016 of —6.8 = 0.33 for §'80%o and —48.7 + 2.4%o
for 8°H, compared to those RW samples from November 2015 and
August 2017 (Table 1). The deuterium excess (d-excess defined by
Dansgaard (1964) as d = 8%Hyy20-8%8'804120) for groundwater ranges
from 0.9 to +9.7%o and decreases as 8'®0 becomes more positive
(> = 0.72, data not shown). The LAC has a d-excess of + 10%o and for
April 2016 RW has +5.9 + 1.4%o, changing over the sampling per-
iods. All groundwater samples deviate from the Global Meteoric Water
Line (GMWL; Craig, 1961), defining a regression line with the equation:
8%H = 6.1x8'®0-4.8. The slope of 6.1 of this line defines a positive trend
towards seawater, suggesting mixing processes. The RW effluent also
tends to lie along the regression line. Only the surface water at LAC and
three samples (87, 437 and 430) correspond to the GMWL. The former

subscripts lowercase letters: D = dolomite, C = calcite,

indicates that evaporation of surface water is of minor importance
which is confirmed by the rather large changes in chloride concentra-
tions with small changes in isotope values for most of the samples
(Fig. 7a). Only some samples, plotting above a potential mixing tri-
angle, could be explained by some additional evaporation effect. The
isotopic composition of Punta Banda geothermal springs (Vidal-Lorandi
and Vidal-Lorandi, 2003) falls within the mixing line with seawater and
the initial isotopic signature of water before mixing through the inter-
section between the mixing line and the GMWL (§'80 = —7.7 and
8%H = —51.4) match to the Agua Caliente hot spring isotopic compo-
sition.

3.5. Water mixing models

Combining 8'®0y,0 with C1~ concentrations is often used as con-
servative tracers to identify the sources that change the isotopic sig-
nature of groundwater (Han et al., 2011; Stumpp et al., 2014). If
groundwater is mainly related to mixing with seawater, one would
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Table 2

Significant correlation coefficient (p < 0.01) of major parameters in groundwater (n = 57).
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pH EC TDS Hardness Na* K* Cca%* Mg?*t ™ S04% Br~ §%0  8°H  fow HCO3~ COs* NO;~-N
pH 1.00 -044 -044 -—051 -041 -044 -053 -046 —046 —0.43 -0.44 —0.46
EC 1.00 1.00 0.93 0.97 0.81 0.82 0.97 0.99 0.95 0.98 0.66 0.62 0.99
TDS 1.00 0.93 0.97 0.81 0.82 0.97 0.99 0.96 0.98 0.66 0.61 0.99
Hardness 1.00 0.84 0.72 0.96 0.97 0.94 0.85 0.90 0.64 0.60 0.94
Na* 1.00 0.79 0.69 0.92 0.97 0.97 0.98 0.65 0.61 0.97
K* 1.00 0.61 0.77 0.80 0.79 0.80 0.60 0.55 0.80
Ca?* 1.00 0.88 0.83 0.72 0.78 0.50 0.45 0.83
Mg>*+ 1.00 0.98 0.92 0.95 072 0.69 0.98
cl- 1.00 0.96 0.99 0.67 0.62 1.00
S0,? 1.00 0.96 0.67 0.60 0.96
Br- 1.00 0.67 0.63 0.99
8'%0 1.00 098 0.63
8%H 1.00 0.63
fow 1.00
HCO5~ 1.00 1.00 0.38
CO5* 1.00 0.38
NO; ™ -N 1.00
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Fig. 3. Dendogram and Stiff diagrams for the groundwater samples (n = 57), and the end-members of the LAC in light blue and RW in purple from April 2016. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

expect an increase in 880420 which is concomitant with an increase of
Cl™. For the Maneadero aquifer, the low correlation between Cl~ and
818020 (r* = 0.45; Fig. 7a) suggests a mixing of different sources other
than seawater. In the Cl-8'0y,o diagram, seawater, RW and the LAC
are extreme values outside of the observed data to explain the mixture
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(Christophersen and Hooper, 1992; Phillips and Gregg, 2003). To pro-
vide an insight into the RW contribution into groundwater, the C1~ and
818000 of the freshwater end-members (242 and the LAC), RW (from
the April campaign 2016) and seawater are used as the pair of tracers in
Egs. (1)-(3).
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Table 3
Mean values and standard deviations of the hydrochemical parameters of each cluster.

Cluster Cl Cc2 Cc3 K-W test
n 10 31 15 p <001
Mean SD Mean SD Mean SD
pH 7.2 0.1 7.1 0.2 6.9 0.2 “C3-Cl
EC (uS/cm) 1881 287 4204 139 11,452 3918 0.00
TDS (mg/L) 1332 194 3034 1157 7797 2723 0.00
T (°C) 222 13 212 1.0 21.9 0.8 0.70
Hardness (CaCO3 634 108 1490 452 3436 843  0.00
mg/L)
Na* (mg/L) 186 41 516 268 1498 715 0.00
K* (mg/L) 3 1 5 1 7 4 0.00
Ca®* (mg/L) 160 25 347 104 739 188  0.00
Mg?* (mg/L) 57 18 152 51 388 101 0.00
Cl™ (mg/L) 435 920 1427 623 4479 1640 0.00
HCO3~ (mg/L) 266 53 322 43 318 60 “C1-C2
CO52~ (mg/L) 131 26 158 21 157 29 “C1-C2
S0,2~ (mg/L) 159 34 293 97 556 203  0.00
NO3;™-N (mg/L) 2.6 3.1 159 139 8.6 10.5 “Cl-C2
Br~ (mg/L) 1.0 0.1 3.1 1.6 12.6 6.9 0.00
B (ng/L) 464 170 429 181 334 184 0.75
PO,>-P (ug/L) 44 25 28 4 26 5 “C1-C2; C1-
C3
fow 0.01 0.01 0.06 0.03 0.28 0.08 0.00

@ Mann-Whitney U test indicating ONLY significant differences between the two clus-
ters.

Table 4
Varimax rotated R-mode factor matrix.

Variable F1 F2 F3 Communalities
pH -0.62 0.08 —-0.03 0.40
Hardness 0.97 —-0.01 0.00 0.95
Na* 0.93 0.22 0.18 0.94
K* 0.40 0.84 —-0.02 0.87
Ca2* 0.98 —-0.03 —-0.01 0.96
Mg?* 0.96 0.00 0.02 0.93
Cl™ 0.96 0.14 0.12 0.96
HCO3~ 0.16 0.45 0.76 0.80
SO42' 0.87 0.18 0.38 0.93
NO; -N 0.03 -0.26 0.84 0.77
Br~ 0.97 0.08 0.07 0.96
PO437P —-0.24 0.92 0.00 0.76
Eigenvalue 7.2 1.9 1.3

% of variance 59.6 15.7 11.0

% cumulative 59.6 75.3 86.3

Tracers used for the EMMA based on the PCA include those con-
stitutes that exhibit co-linearity of r* > 0.5 (p < 0.01). Among them
are Ca®* and Mg?" (implicit in hardness), Na*, C17,504%", Br~ and
stable isotopes 8'®0y20 and 82Hyypo. The two principal components
account for 96% of the total variance and most of the groundwater
samples are located in the area bound by the end-members (Fig. 7b) and
projected similarly as in the Cl-8'80 diagram. Based on the Rule of One
(James and Roulet, 2006), three end-members are acceptable to de-
scribe a system. The goodness of fit PCA mixing analysis is based on
three criteria described by Christophersen and Hooper (1992): (1) a
random pattern of the residuals for each variables against the measured
values, (2) regression analysis of r* > 0.90 between predictions against
observations for the original and the orthogonal projections of the end-
members and (3) a relative bias <15% between the original end-
member values and their orthogonal projections. In this study, the first
two criteria are achieved (data not shown) supporting the selection of
tracers. On the basis of the third criterion, all tracers but water stable
isotopes in the LAC and Na™ and hardness in RW violate the 15% rule.
The mixing proportions of RW and seawater from the two EMMA are
given in Table 5. The seawater contribution from the two EMMA and
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the fsw corrected for seawater are identical ( = 0.2% difference); while
frw in about 80% of the samples are comparative between the two
mixing approaches.

3.6. Synthetic pollution index (SPI)

The SPI has been computed using WHO (2011) values to determine
the suitability of groundwater for domestic uses and results are illu-
strated in Fig. 8. On the basis of SPI, 7% of groundwater samples lie in
relatively clean, 67% in lightly polluted and 25% in seriously polluted
with all ion species. Only one sample (161) is extremely polluted.
Groundwater that is relatively less polluted is distributed adjacent to
the upper part of the Las Animas creek; while pollution increases from
the center to the coast of the aquifer.

3.7. Temporal changes in hydrochemistry adjacent to the RW recharge site

Temporal variations for Cl~ concentrations, fsw (as indicator of
salinity), the molar ratios of Na/Cl and Br/Cl, and the stable isotopes of
8%Hya0 and 8'80y00 of the groundwater samples collected in November
2015, April 2016, March 2017 and August 2017 are given in Table 6.
Groundwater sampled in April 2016 shows higher Cl1~ and fsw com-
pared to those in November 2015, except in four samples (257, 99, PX1
and 111), in which salinity is slightly low (760-2883 mg/L of Cl~) and
in sample PX1 about the half to that 2015. Salinity diminishes re-
markably after a rainy period in March 2017, except in those wells
closer to the coast, probably because seawater intrusion didn't retreat
after the rainy period in this highly saline zone of the aquifer. Varia-
tions in salinity are reflected in the Na/Cl ratios, showing decreasing
ratios with the increasing Cl~ concentrations or vice versa. Yet molar
ratios in nine samples (92, 211, 434, 85, 98, 112, 480, 520R and 122)
either increase or remain steady with increasing salinity.

On the basis of the Br/Cl ratios, in April 2016 lower ratios
(< 1.5 x 10~3) are observed with a slight trend to decrease with in-
creasing in Cl~ to those from 2015, except in two samples (480 and
211) whose ratios increase considerably. Five samples (211, 85, PX1, 98
and 112) taken nearby the LAC present salinities (i.e. fsw = 0.05) and
molar ratios close to the RW ratio (0.81-0.87 x 10~ 3). In March 2017,
ratios increase (except sample 111) regardless of the shifts in salinity,
approaching the value of seawater (1.5 x 10~ >). As for the water stable
isotopes, in April 2016 most of the samples show either an increase or
decrease regardless the salinity, standing along the mixing line plotted
in Fig. 6 compared to those in 2015; while in March 2016 the isotopic
signature evolves parallel and above the mixing line. In this period, one
sample (89) present the heaviest isotopic composition; while sample
112 results in the most negative isotopic values, even compared to the
attributed initial stable isotopes composition of groundwater. Con-
versely, negligible isotopic variations are observed in sample PX1.

In August 2017, most of the samples evolve to similar hydro-
chemistry and isotopic composition to those from April 2016.
Noticeably, two samples (112 and 111) with lower Cl~ concentrations
and higher Br/Cl ratios than those in 2016 show no differences in
SISOHZO and SZHHzo.

3.7.1. Nitrate stable isotopes (6"®Onosz and §"°Nyo3)

Nitrate from different sources is characterized by distinct nitrogen
and oxygen isotopic compositions (Xue et al., 2009), and thus, the
8'®Nno3 and §'80yozhave been used for source identification in this
NO; ~-N-rich aquifer. The relationship between 8'®0yo3 and 8'*Nyo3 of
the selected wells from December 2016 and March 2017 and the ranges
for potential nitrate sources (Kendall et al., 2007; Silva et al., 2002) are
shown in Fig. 9. The 8'®0yo3 varies from +1.2 to +16.7%o in De-
cember 2016 and decreases from + 0.8 to +8.9%o in March 2017. The
8'°Nnos values range from +3.8 to +85.95%o in December 2017 and
from +4.8 to +22.8%o in March 2017. The LAC has a §'®0yo3 of +6.8
and a 8'°Nyo3 of +7.0; while the RW effluent has 8§03 and 8'°Nyos3
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Fig. 4. Piper diagram showing the relative proportions of
major ions for the clusters in April 2016, the hot springs of
Punta Banda and Agua Caliente (from Vidal-Lorandi and
Vidal-Lorandi, 2003) and the end-members of the LAC
(surface water of the Las Animas creek), seawater and RW.
The enclosed indicate the proportion of the major ions of
wells 3 and 249 (from Daesslé et al., 2014).

values of +12.5%0 and —9.1%o, respectively. For the two sampling
campaigns, most groundwater samples are found in the range of was-
tewater and manure waste, except for a few samples belonging to
cluster C1 and C3. Still, mineralization of soil organic matter and ni-
trification processes cannot be ruled out for some of the samples due to
overlapping ranges of 8'°Nyos.

3.8. Geoelectrical data

The 2-D resistivity profiles display resistivity values as the base 10
logarithm of the resistivity, and will be refered to based on that scale.
The resistivities vary from 0.9 to 2.5 in logarithm scale or from 8 to
316 Qm in a linear scale, at a maximum depth of 60 m for all surveys
(Fig. 10). These values are separated into three fairly uniform layers for
each resistivity difference and are shown as blue, green-yellow and
orange-red colors. It is observed that the RW discharge point at LAC is
causing infiltration of water with resistivities equivalent to 1.5-1.9
logarithm scale (yellow-green), apparently flowing to the south of a
more saline barrier that has resistivities of 0.9-1.5 (in orange-red). This
lateral displacement fluctuates along the parallel section of the creek
towards the south and less so the north of the riverbed, and possibly
mixes with groundwater of similar resistivities.

4. Discussions
4.1. Origin of solutes and groundwater mineralization processes

In the Maneadero aquifer, variation in the geochemistry reflects the
influences of different sources and geochemical processes. The sig-
nificant strong correlations of Cl~ with Ca®*, Na‘*, K*, S0,>7,
Mg“and Br~ (Table 2), as well as among these ions indicates that
these elements are mostly contributed by mineralization (Bouzourra
et al., 2015) and that dissolution of rock minerals and evaporites is the

CI+NO3

130

first step in the hydrogeochemical evolution. Their negative correlation
with pH suggest that dissolution of these salts is related to some degree
to acidic conditions of groundwater (Manno et al., 2006).

Bromide concentrations of 0.9-6.0 mg/L in the upper and central
part of the aquifer falls in the range for volcanic rock (Sugiura, 1968)
and evaporites (Kabata-Pendias and Pendias, 2001), while higher con-
centrations (up to 54 mg/L) nearer to the coast coincide with natural
brines and thermal waters (Kikkawa and Shiga, 1966). Also, the Cl/Br
ratios =673 (Fig. 5a) indicate the source as halides (Davis et al., 1998;
Vengosh and Pankratov, 1998); thus, Br~ can result from soluble salts
and mixture with seawater.

Scapolites and gypsum and/or anhydrite dissolution in the aquifer
are probably responsible for correlations of SO,>~ with Ca®**, Na™ and
Cl™. Similarly, the dissolution of halite of marine aerosols is likely with
a correlation 7* between Na® and Cl~ of 0.97. The capacity of
groundwater to dissolve these minerals along the flow paths is de-
monstrated by the under saturation in all facies with respect to halite,
anhydrite and gypsum, and its strong trend of being less under-satu-
rated with growing TDS ® = 0.90, data not shown). The Ca/
(Ca + Na) molar ratio from 30 to 50% indicates anorthite typical of
andesite, which is characteristic of the geology in the region.

Calcium and magnesium directly contribute to hardness and their
significant correlation with C1~ and SO4>~ and among them indicates
that hardness of the water is permanent in nature. The dissolution of
carbonate minerals is the major source of these ions. Most of the
groundwater samples are oversaturated (SI > 0) with respect to calcite
(SI¢) and dolomite (SIp), indicating that water is incapable of dissolving
carbonate minerals giving the local physicochemical conditions. The
significant correlation between the Sl; and SIp (> = 0.93, p < 0.01;
data not shown) evidences that gypsum and/or anhydrite dissolution
does not considerably contribute to calcium (Argamasilla et al., 2017).
Thus, a removal of Ca®>* and Mg®* may occur throughout other pro-
cesses such as reverse cation-exchange reactions. In addition, the lack of
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correlation of HCO;~ with Ca®>* and Mg?* and between these ions
with SIp and SI¢ (data not shown) indicates sources other than the
dissolution of carbonate minerals (Bouzourra et al., 2015). As for
HCO; ™, its negligible variations in groundwater suggest that bicarbo-
nate prevails due to the unconfined nature of the aquifer and the
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importance role of calcite equilibrium (Martinez and Bocanegra, 2002).

The Na/Cl molar ratios of groundwater from the upper parts of the
are ca. 1 and their water composition is Na-Cl-HCO; (Fig. 4) as iden-
tified by Daesslé et al. (2005). These waters characterize a transition
zone and indicate the freshening of the aquifer and the influences of
source lithology (Voutsis et al., 2015). Assuming that Na* in the
groundwater system derives from halite dissolution, the Na/Cl will
correspond 1 (Appelo and Postma, 2005; Meybeck, 1987). However,
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Table 5

Results of the two EMMA, giving the contribution of seawater (fsw) and RW (frw) in the
groundwater samples. For the two mixing approaches, those samples that fall within the
mixing zones are indicated in bold. The *fsy is the seawater contribution corrected for
seawater mixing.

Tracers Ccl™ Cl~ and 8800 PCA

EMMA 1 2nd

Fractions *fsw frw fsw frw fsw
3 0 0.06 0 0.24 0

87 0.01 0.17 0 0.40 0.01
16 0.01 0.10 0 0.07 0
206 0.01 0.16 0 0.70 0
249 0.01 0.13 0 0.43 0
430 0.01 0.07 0.01 0.18 0.01
89 0.02 0 0.02 0 0.02
437 0.02 0.28 0.01 0.36 0.01
473 0.01 0.05 0.01 0.06 0.01
91 0.02 0 0.02 0 0.02
228 0.02 0 0.02 0.04 0.03
433 0.03 0 0.03 0 0.03
434 0.03 0 0.03 0 0.03
257 0.02 0.23 0.01 0.21 0.02
92 0.03 0 0.03 0 0.03
182R 0.03 0.28 0.01 0.28 0.02
125 0.03 0.08 0.03 0.05 0.03
121 0.04 0 0.04 0 0.04
106 0.04 0 0.04 0 0.04
436 0.04 0 0.04 0 0.06
PX1 0.05 0.02 0.05 0.36 0.05
211 0.05 0.57 0.02 0.49 0.02
443R 0.05 0 0.05 0.26 0.05
374 0.05 0 0.05 0.25 0.05
85 0.05 0.67 0.01 0.56 0.02
98 0.05 0 0.05 0.12 0.06
112 0.05 0.22 0.04 0.38 0.05
146 0.06 0 0.06 0.08 0.08
120 0.06 0 0.06 0.03 0.08
204 0.07 0.56 0.03 0.60 0.05
393 0.07 0.55 0.04 0.49 0.04
458 0.08 0 0.08 0.08 0.11
221 0.08 0.84 0.04 0.83 0.06
114 0.08 0 0.08 0.22 0.10
929 0.09 0.09 0.09 0.19 0.11
480 0.10 0 0.10 0.16 0.11
520R 0.10 0.16 0.09 0.24 0.11
467 0.10 0.94 0.06 0.83 0.06
471 0.11 0.62 0.08 0.51 0.07
186 0.15 0.83 0.11 0.86 0.12
103 0.13 0.42 0.14 0.50 0.12
111 0.13 0.18 0.12 0.35 0.14
AL 0.14 0.28 0.12 0.41 0.14
101 0.14 0.34 0.12 0.49 0.13
155 0.15 0.34 0.13 0.37 0.13
349 0.17 0.29 0.15 0.56 0.16
104 0.18 0.46 0.16 0.68 0.16
454 0.18 0.23 0.17 0.39 0.16
122 0.21 0.42 0.19 0.50 0.18
201 0.21 0.75 0.16 0.78 0.17
152 0.21 0.30 0.20 0.57 0.21
460 0.32 0.71 0.29 0.74 0.26
187 0.33 0.55 0.30 0.66 0.32
196 0.34 0.70 0.30 0.74 0.26
170 0.37 0.57 0.34 0.66 0.34
161 0.80 0.21 0.79 0.31 0.70

most of the groundwater samples present an overall dominance of C1~
over Na*, with low Na/Cl ratios (< 0.86). The depletion of Na™ is
attributed to reverse ion exchange, which is evident from the chloro-
alkaline indices (Custodio and Llamas, 1996). The deficit of ANa and
the excess of A(Ca + Mg) relative to the theoretical mixing of fresh-
water and seawater (Table 1) reinforce even more the occurrence of
reverse ion exchange. The inverse relationship of A(Ca + Mg) with ANa
occurs when Ca®* and Mg?* is released while Na™ is added to the
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aqueous solution (Tellam and Llyod, 1986; Vengosh, 2003), resulting in
elevated concentrations of Ca>* and Mg®* and lower Na* concentra-
tions than expected considering the simple halite dissolution and/or
freshwater-seawater mixing process (Argamasillaet al., 2017). Reverse
ion exchange reactions can be considered as the second step of the
hydrochemical evolution responsible for the removal of Ca®>* and Mg?™*
and, as consequence, groundwater exhibits a Ca-Na-Cl composition
(Fig. 5) of the seawater plume (Jeen et al., 2001; Vengosh and Benzvi,
1994). The Ca/(HCO3+S0O4) =1 suggests additional source of
Ca®*other than reverse cation exchange reactions and according to
Daesslé et al. (2014) the excess of Ca>* might derive from the dolo-
mitization of the Upper Cretaceous marine sediments.

Concentrations  of dissolved PO,>P in  groundwater
(0.019-0.11 mg/L) are below the standard established for drinking
water (i.e. 1.5mg/L; Singh et al., 2014) but close and above to the
USEPA level of <0.025mg/L for prevention of eutrophication in re-
servoirs (USEPA, 1986). Factors that influence high levels of PO,%"Pin
groundwater are usually attributed to the application of fertilizers and
the leakage of domestic sewage (Kummar et al.,2009; Sikora et al.,
1976; USGS, 1999). Concentration of PO, P in the RW effluent is
5.2mg/L, i.e. 200X the average concentration of PO,> P in ground-
water. Phosphate tends to sorb to iron hydroxides and reducing con-
ditions can promote the dissolution of iron oxides, releasing also
phosphorus into groundwater (Spiteri et al., 2008). The PO,> P in the
aquifer of Maneadero is probably attenuated by sorption processes.

4.2. Groundwater classification and factors controlling the hydrochemistry

The R-mode FA validates the groundwater groups defined by the Q-
mode HCA and confirmes the findings from the correlation analysis by
defining three independent latent factors that are influencing the water
quality. Most of the samples of clusters C1 and C2 are located in areas
where static water levels range between —8 and —5 masl, whereas
cluster C3 is situated close to the coast where static water levels are
between —3 and —2 masl. The C1~ concentrations are therefore related
with the proximity to the coast and the level of groundwater extraction.

Cluster C3 describes a water composition of Na-Cl type with sea-
water mix from 10 to near 40% (Table 3) and its association to F1
reflects mineralization mainly by seawater intrusion. The clusters C1
and C2 are of Ca-Na-Cl type composition, differing only in their per-
centage of bicarbonates. Cluster C2 has higher TDS concentrations than
cluster C1 and is characterized by the highest NO3; ™ -N throughout.
Most of the samples of cluster C2 and some of cluster C3 are grouped in
F3, which accounts for NO3 -N and HCO5;~. This factor refers
groundwater contaminated with nitrates and its relation to HCO3; ~may
indicate degradation of organic matter. Finally, the association of
PO,> P and K* in F2 is related only to RW with limited presence in
sample 170, probably due to the adsorption of these two ions onto clay
minerals.

4.3. Influence of RW and other potential sources on groundwater
mineralization

The ratios of Na/Cl < 0.86 decrease as Cl~ concentrations in-
crease, typical of salinization related to seawater intrusion (Najib et al.,
2016; Richter and Kreitler, 1993). However, the scattered pattern of the
Na/Cl ratios < 0.86 regardless the increases in Cl~ suggest con-
tamination with saline water besides seawater intrusion. The trend
displayed by the Cl/Br ratios vs. Cl~ (Fig. 5a) show ratios within the
range for water containing dissolved halides related to human and
animal waste, which is higher than that of seawater. These deviations
demonstrate human activity contribution in groundwater salinization
in addition to seawater, which may explain the Na™ depletions related
to reverse-ion exchange reactions. The Cl/Br ratios found in RW overlap
with the ratios of urban wastewater and animal waste and, thus, ad-
ditional hydrochemical tracers were considered to identify the
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fingerprint of the RW effluent.

The comparison between the molar ratios of B/Cl and Br/Cl
(Fig. 5b) for different salinity sources revealed the hydrothermal signal
of groundwater in the upper part of the creeks. The B/Cl ratios are
comparable to those reported for geothermal springs at San Carlos and
Punta Banda (Arango-Gavlan et al., 2011) and, thus, are consistent with
the hydrothermal source; although for some samples contribution of
agricultural drainage and seawater cannot be ruled out. The RW also
reflects the hydrothermal signature. This is possible considering that
groundwater is returned later as the effluent. However, the relatively
high B™ concentration in RW (878 ug/L) is indicative of B~ compounds
from bleaching agents (Vengosh and Keren, 1996). Concentrations of
B~ in groundwater are lower than RW and far below those recorded in
the hydrothermal springs surrounding the study area (7900-9700 pg/L,
Arango-Galvan et al., 2011). This indicates that such concentrations
result from the adsorption of B~ onto mineral surfaces, which is con-
firmed by the decrease of B/Cl ratio with increasing Cl~ concentrations.
Remarkably, two samples (112 and 85) located close to the discharge
points have B~ concentrations and B/Cl ratios similar to RW, sug-
gesting that clay minerals might have reached a steady state with re-
spect to B™.

The Na/Cl ratios in RW are lower than those reported in treated
wastewater in Israel (Vengosh and Keren, 1996; Vengosh, 2014) and
comparable to some groundwater samples close to the discharge site at
LAC and nearby the urban area (Fig. 5¢); thus, this ratio alone cannot be
helpful for tracing the RW effluent. However, the variations of Na/Cl
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ratios over time suggest that reverse cation-exchange reactions occur
during the RW or other effluent arrival to the aquifer and once the
exchangeable sites become saturated, sodium is not retained from the
effluent and behaves conservatively in groundwater (Vengosh and
Keren, 1996F). These findings also observed for B~ might indicate the
limited capacity of clay minerals to retain these elements.

The potential contribution of seawater estimated from EMMA is
consistent with the seawater fractions corrected for seawater and with
the spatial variation of the TDS and the Q-mode HCA (Fig. 2). The
extent of seawater contribution in most of the aquifer is almost 40% and
based on the Na-Cl-Br-B systematics (Fig. 5) groundwater is sig-
nificantly influenced by anthropogenic-derived processes. This hy-
pothesis is coherent with the observed relationship between Cl~ con-
centrations and 8'%0ys0 (Fig. 7a). The assumption that RW is
contributing to groundwater chemistry seems to be supported by the
mixing analysis between Cl~ and 8'®0y,o (Fig. 7a) and the mixing
model constructed from the PCA (Fig. 7b). In these respect, the plau-
sibility of the chosen end-members is validated by the criterion for the
PCA mixing approach. Despite that both mixing models reveal com-
parable RW mixing proportions, the fractions of RW cannot satisfactory
explain the hydrochemistry in the groundwater samples; i.e. samples
closer to the source of discharge have geochemical signatures similar to
RW, but percentages of RW < 50%. On the contrary, samples with
trends to seawater signature (fsw > 8%) have percentages of RW up to
80% (Table 5).

The Rule-of- One supports the contribution of the three end-
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members in explaining almost all the variability, but the projection of
the samples in the mixing spaces (Fig. 7a-b) indicates that additional
end-members are contributing to the groundwater chemistry. On the
basis of the third criterion for the PCA mixing approach, Cl~ and water
stable isotopes have the smallest relative bias and below the 15%
threshold for all end-members. This indicates that the conservative
behavior is most appropriate for these solutes. In the case of the other
variables, the relative bias > 15% in the LAC and Na™ and hardness in
RW either suggest that they do not adhere with physical mixing control
or are not mixing with the same ratios (James and Roulet, 2006). In
addition, freshwater derived from the LAC may not directly interact
with many sites. Because the LAC and seawater have a unique and
extreme geochemical and isotopic signature, it was possible to estimate
their contribution in groundwater. Contrary, the over- and under-

estimates of RW contribution is suggestive of missing end-members,
probably with similar geochemical signatures to RW. This is possible
considering that the source of reclaimed water is mainly urban waste-
water and that some parameters such as TDS, B~ and Br~ are not re-
moved from the treated effluent.

The use of isotopes to estimate the contribution of sewer effluents
has successfully been applied on relatively small catchment areas with
simple geohydrological groundwater where water is not harvested from
the local aquifer and later returned as RW (Schilperoort et al., 2007).
The integration of the potential end-members together with other so-
lutes (e.g. boron isotopes), however, could provide more information to
its relative contribution in groundwater. The RW effluent is a mixture of
seawater and different water sources which have experienced several
transitions, leading to changes in its geochemical and isotopic

Fig. 10. 2D resistivity profiles obtained along the Las
§ Animas creek. The black rectangles indicate the location of

the wells that cross the sections and the dash blue rectangles
the riverbed of Las Animas creek. The star symbol indicates
the discharge point of RW. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred
to the Web version of this article.)
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signatures. Thus, a seasonal or multiyear timescale analysis which in-
cludes additional data (i.e. landscape component and spatial patterns)
will improve the EMMA with RW as one of the end-members.

Overall, RW has similar geochemical and isotopic composition to
that of groundwater with Cl~ concentrations between 1080 and
1400 mg/L (i.e. fsw of 4-5%). Based on the geochemical and isotopic
variations (Table 6), it is possible that RW reached the saturated zone in
five wells (PX1, 211, 443R, 85, 98 and 112) during April 2016 and
August 2017. This is further suggested from its location closer to the
source of discharge at LAC. Nitrate and B~ concentrations in RW are
almost equal in two samples (112 and 85). This leads to the previous
hypothesis that the mix with RW result in effects on cation-exchange
and adsorption reactions and once clay minerals reach a steady state
with respect to the ions, Na*, Br~ and B~ for example remain dissolved
in groundwater.

4.4. Aquifer recharge assessment

The 880420 and §%Hyao of groundwater in Maneadero lies within
the GMWL and the mixing line with seawater (Fig. 6), which denotes
both the meteoric origin and the effect of seawater intrusion. However,
variations in §'80y.0 with respect to Cl~ concentrations (Fig. 7a) re-
flect that leachate of evaporites and volcanic rocks is responsible for
salinization besides seawater. The isotopic composition of the springs
also lies within the range of the mixing line and the isotopic signature of
the origin is similar to that of the Agua Caliente hot spring, which
suggests the geothermal contribution.

The d-excess values from +0.9 to +9.7%o (Table 1) are indicative
of modern recharge. The lowest d-excess values (up to + 3.1) are found
in two samples near the coast; whereas highest values close to the LAC
of +10%o are observed in most of the wells located in the upper parts of
the creeks. The d-excess of 10%o is the typical average of GMWL derived
from ocean moisture sources (IAEA, 2006), and result from the domi-
nant precipitation of recharge in this area. In March 2017, during a
rainfall event, the water stable isotopes in samples 89, 374 and 112
(Table 6) located along the Las Animas creek, were more negative and
d-excess coincided with the LAC. Sample 112 had the most negative
isotopic composition (—10.5%o for 8804120 and — 74.0%o for 8§2Hiiao).
These findings for water isotopes suggest two water recharges: (1) local
rain with isotopic composition of the LAC of —6.048 for 80400 and
—38.2 for 8%Hyz0 and (2) lateral flow from the upstream catchment
with negative isotopic composition to that of sample 112.

The d-excess between 5 and 6%o is similar to RW and extends
through most of the central part of the aquifer and in locations nearby
the Las Animas creek. These values, however, can be suggestive of local
recharge from different isotopic compositions. When precipitation re-
charge is not available, it seems that groundwater is limited for local
recharge, which may derive from solid waste, urban wastewater and
animal waste as identified by the Cl/Br ratios salinity regimes, in-
cluding RW (Fig. 5a). The contribution of these sources can be favored
by the high permeability in this area, which is observed in the temporal
variations of the hydrochemistry and water stable isotopes. Yet, the
8804150 did not provide information about the preferential flow path in
the area. The study area is bound by the Agua Blanca fault and other
tectonic faults (Arango-Galvan et al., 2015) and likely crossed by minor
faults in different directions that may form conduits for groundwater
flow. Further, changes in flow paths can be affected by over-abstraction
(Horton et al., 1999). Thus, flow paths should be studied in the region
and any attempts to evaluate the hydrological balances must take into
consideration the fact that an important component of the recharge
may derived from the anthropogenic sources besides the natural re-
plenishment.

4.5. Sources of nitrates in groundwater

Analysis of nitrate isotopes distinguishes NH,*-fertilizers, soil
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organic N, wastewater and manure as the main sources responsible for
nitrate concentrations (Fig. 9). Natural soil organic N is reflected in the
surface water at the LAC. The RW effluent has similar isotopes sig-
natures to the effluents reported by Archana et al. (2016) derived from
secondary and chemically enhanced primary treatments, and resembles
the sewage component. Groundwater contamination derived from
wastewater is likely due to the historical use of latrines (Daesslé et al.,
2014) and to the lack of proper domestic waste disposal facilities that
continues to the present day, rather than RW after treatment. High
nitrate content is also found in areas where mixed crop-livestock
farming occurs; making NH,* fertilizers and animal waste (i.e. dung
and urine) other potential sources of nitrates. However, the contribu-
tion from nitrification of NH," fertilizers seems to be negligible in-
dicated by the measured 8'®Nyo3 values which are higher compared to
what would be expected with mineral fertilizers as main source. Fur-
ther, nitrate isotope data are in agreement with Cl/Br ratios as in-
dicators of impact derived from domestic wastewater and animal waste.
The reason that excessive enrichment of +86%o for §'°Nyo3 occurred at
well 87 from December 2016 remains unknown.

Given the potential nitrate sources, nitrification should be taken
into account. If nitrate of groundwater is generated via nitrification, a
rough estimation 0f8'®0yo3 can be as follows (Snider et al., 2010):

51801\@3 = 1/3518002 + 2/351801.120 (7)

Where 880, is the signature of dissolved oxygen which is about
+23.5%0 (Kendall, 1998) and 80y is the measured isotope sig-
nature of water which ranges from —10.5 to —4.8%o (only shown for
March 2017, Table 6). Consequently, the expected 8'80n03 derived
from nitrification should be in the range of +0.8 to +4.6%o, which is
the case for half of the samples. However, depending on the composi-
tion of the nitrifying microbial community, an uncertainty of a few per
mil may be introduced to Eq. (7) due to a kinetic isotope effect during
nitrite oxidation (Buchwald and Casciotti, 2010). During nitrification,
organic nitrogen is oxidized to NO3 ™~ -N, becoming enriched in lighter
isotopes and depleted in heavier isotopes relative to the substrate pool
(Kendall, 1998) as observed in the temporal variations of five samples
(434, 112, 120, 114 and 520R). The §'°Nyso and §'%0yy0 in two
samples (480 and 114) located close to each other along the Las Animas
creek became enriched with a 8'°N/8'®0 ratio that ranges from 1 to 2,
indicating the potential occurrence of denitrification (Bottcher et al.,
1990; Fukada et al., 2003).

As for RW, no sample reflected the effluent isotope nitrate compo-
sition, including sample 112 in which hydrochemical and nitrate
compositions are comparable to RW. Toze et al. (2004) found that
NO3 ™ -N in the recovery water were higher than the infiltrated RW, but
always =6 mg/L. They attributed the increase in NO3 ™ -N to nitrifica-
tion processes. Contrary, Schmidt et al. (2011) found that NOj3;™ -
N < 6 mg/L in a managed infiltrating effluent decreased during passage
through the first meter of subsurface soils mostly to denitrification
followed by dilution at depth. These processes could explain the neg-
ligible nitrate stable isotope fingerprint from RW and, if so, it remains
to be tested and determined whether these processes may occur else-
where in the study area. Furthermore, a characterization of minerals
could further elucidate these and other processes.

4.6. Electrical resistivity profiles

The interpretation of ERT profiles (Fig. 10) suggests that resistivities
(log 10) > 2 (in blue) represent groundwater of lower TDS
(< 1500 mg/L) and probably gravel-sand mixtures during dry condi-
tions; whilst resistivities < 1.5 (in orange-red) probably indicate the
influence of brackish water with TDS =5000mg/L. As for RW, the
effluent is identified in the range of 1.6-1.9 (in green). The RW plume
appears to travel laterally and down gradient through the high
permeable zone and is likely driven between the low and high saline
water by density-differences convection. Over-pumping contributes to
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seawater intrusion by upward flowing of salt-water as shown in P3
where the section crosses the location of wells 99 and 480, and also in
the other sections. However, groundwater pumping may also already be
moving infiltrating RW water upwards as suggested by the wells PX1
and 443R which are crossed by sections P4 and P5, and have also been
identified by their chemistry as RW-influenced sites.

4.7. Conclusions and opportunities for aquifer recharge with RW

Hydrochemical and isotopic analyses show that the Maneadero
aquifer is a mix of dissolved salts attributed to evaporites and volcanic
rocks, anthropogenic-derived processes and seawater intrusion.
Dissolution of evaporites and reverse ion exchange are the major pro-
cesses influencing the groundwater chemistry. Urban solid waste,
wastewater and animal waste are the main anthropogenic inputs to the
aquifer. The groundwater appears to be of modern recharge, it has a
meteoric origin and dilution by seawater responsible for the variations
in water isotopic signatures along with a superimposed hydrothermal
component in groundwater. The parameters of groundwater and RW
are higher than the desired values as determined in the SPI. However,
RW used for irrigation purposes is considered acceptable in the region.

The hydrochemical results suggest that the recharge with RW results
in cation-exchange and adsorption reactions and once the adsorbed
sites become saturated, Na*, Br~ and B~ for example remain dissolved
in groundwater. In the view of nitrates, it remains to be tested whether
NO3; ™ -N in RW during infiltration are removed due to denitrification
processes and/or to the conversion of NH,;* to NO; ~-N and, ultimately,
if nitrates are diluted by the effluent.

Hydrogeochemical and geophysical evidence suggests that RW has
probably reached wells located > 1 km downstream from the discharge
spot, indicating high permeability conditions for the site. As part of a
managed aquifer recharge project, the quality of RW could be even-
tually improved by taking advantage of contaminant attenuation pro-
cesses. In this matter, the results from this study show that the capacity
of soil to adsorb PO, P and K* is reached. However, the long-term
recharge of RW with high levels of these elements could lead to a steady
state with respect to these elements and be reflected in the composition
of groundwater. It is essential to monitor these and other organic pol-
lutants such as emerging medical residues and pesticides, to predict
groundwater contamination. Because the aquifer was already con-
taminated by seawater intrusion and nitrates previous to the discharge,
it is also important to distinguish sources for these and other con-
taminants from the RW effluent source.

Considering the favorable conditions for an aquifer recharge in the
region, the recharge with RW can be implemented by an appropriate
planning, water quality control, precautions and an additional treat-
ment; e.g. membrane techniques for TDS and boron removal. Pilot re-
charge tests must be conducted, which include research of residence
times for the infiltrated RW, the extent of mixing with the groundwater,
time scales and preferential flow paths and should be thoroughly stu-
died in the area. In addition, regulations should be undertaken to avoid
the leach of contaminants derived from urban solid waste and waste-
water and animal waste. These factors must be considered for aquifer
recharge locations, as well as the risks of fertilizers and dissolved salts
from the irrigated areas to reach the saturated zone.
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