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Abstract: Saltwater intrusion into groundwater systems is a problem worldwide and is induced
mainly by human activities, such as groundwater overexploitation and climate change. The coastal
Los Planes aquifer in the southern part of the Baja California Peninsula (Mexico) is affected by seawa-
ter intrusion due to more than 40 years of groundwater overexploitation. A dataset of 55 samples was
compiled, including 18 samples from our campaigns between 2014 and 2016. Several methods exist
to define the impact of seawater in a coastal aquifer, such as the “seawater fraction”, the “Chloro-
Alkaline Indices”, the “Hydrochemical Facies Evolution Diagram”, and the “Saltwater Mixing Index”.
These methods provide reasonable results for most of the coastal zone of the Los Planes aquifer. A
slight increase in mineralization was observed from 2014 to 2016 compared with the situation in
2003. However, in its northwestern part, samples from hydrothermal wells were not recognized by
these methods. Here, the aquifer is affected mainly by thermal water with elevated mineralization,
introduced through the El Sargento fault, a main fault, which cuts through the study area in the
north-south direction. By considering known hydrothermal manifestations in the interpretation,
samples could be classified as a combination of four end-members: fresh groundwater, seawater,
and the composition of two types of thermal water. One thermal endmember with very low min-
eralization coincides with the thermal water described from the Los Cabos Block, where meteoric
water represents the source (found in the Sierra la Laguna). The second endmember is comparable
to coastal thermal manifestations where seawater represents the main source. Therefore, the higher
mineralization in the northwestern zone is the result of the mobilization of thermal groundwater
and direct mixing with seawater, which is introduced locally at the coast due to overextraction. This
finding is important for future management strategies of the aquifer.

Keywords: hydrogeochemical characterization; seawater intrusion processes; geothermal water;
mixing processes; cation exchange; Los Cabos block

1. Introduction

Coastal aquifers are an important source of drinking water and water for agricul-
ture and industry, especially in arid regions; however, these resources are significantly
threatened by salinization due to seawater intrusion [1]. Seawater intrusion is one of the
most severe environmental problems in coastal aquifers worldwide, exacerbated by the
overexploitation of freshwater in coastal zones, and is susceptible to the influences of
changing climates [2—4].
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Mexico has experienced an important growth in population and agriculture surfaces
in coastal areas over the last few years, which has led to the overexploitation of several
aquifer systems [5]. In 2018, 105 aquifers were classified as overexploited, and 50 had
salinization problems [6]. In 2020, the number of overexploited aquifers increased to 175 [7].
The problems of seawater intrusion are most notable in northwest Mexico [5] because of
overexploitation and reduced annual precipitation, with an average of 200 mm in Baja
California Sur (BCS) [6].

In the southern portion of the Baja California Peninsula, the salinization of aquifers has
been related to agriculture, pollution, and seawater intrusion [8-12] without considering
other phenomena such as hydrothermalism as a source of salinization. After 50 years of
geothermal resource exploration in Mexico, it can be concluded that the peninsula has
several regions with high potential [13]. Seven geothermal areas have been identified in
the southern portion of the Baja California Peninsula. Two of these areas are related to
recent volcanic activity, two are associated with the spreading tectonic zone in the middle
of the Gulf of California, and the remaining three are due to movement through deep faults;
the Los Planes aquifer (Figure 1) belongs to the last type [13]. In the Los Cabos region,
four wells (SL1, SL2, SL4, SL5) were originally bored to obtain saltwater for a desalination
plant project, but they resulted in the production of thermal water with an estimated deep
reservoir temperature of 200 °C [13].

Our study area, the coastal Los Planes aquifer in the southern part of the Baja California
Peninsula (Figure 1), is affected by seawater intrusion as a result of more than 40 years
of groundwater overexploitation, as stated in former investigations (see Table 1) [14].
This is reasonable for most of the coastal zone, but it cannot be the explanation for the
northwestern part of the aquifer because the water table and resulting flow lines indicate
that this zone is still under an effluent flow regimen [14,15]. According to Del Rosal-Pardo,
Busch et al., and Coyan et al. [16-18], at least four main faults with normal displacement
and a north—south strike direction are affecting the Los Planes aquifer. These faults are
related to hydrothermalism and may represent an additional source of salinity in the
aquifer (Figure 1).

Table 1. Water balance in the aquifer between 2003 and 2020, after CONAGUA [7].

Year Extraction Volume Recharge Deficit
Million m3/Year Million m3/Year Million m3/Year

2003 12.29 9.89 —2.40

2007 12.29 8.40 —3.89

2013 12.29 8.26 —4.03

2015 12.29 8.40 —3.89

2020 13.10 8.40 —4.70

The purpose of this research is to assess the impact of seawater intrusion on the
groundwater quality of a coastal aquifer in 2003 and in 2016 and to evaluate the extent
to which hydrothermalism contributes to salinization. Different methods of analyzing
groundwater affected by seawater intrusion and/or hydrothermal water are tested to deter-
mine how well they can distinguish between the two sources of salinization. Additionally,
different types of hydrothermal water can be identified, and their corresponding mixing
proportions with seawater can be calculated.
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Figure 1. The southern tip of the Baja California Peninsula with main faults and important ther-
mal manifestations, as described in the article. Surface relief was obtained from a 30 m DEM
from NASA [19].

2. Regional Setting

The study was conducted in the southwestern portion of the State of BCS (Figure 1),
within the Municipality of La Paz, in an area of 230 km? (Figure 2). The area is located at
a distance of 50 km southeast of the city of La Paz. The Sierra de la Laguna is the main
high mountain range in this region, with a maximum altitude of 2200 m. The mountains
are formed by a massif crystalline basement, called the Los Cabos block [20], which is
limited to the east by the San José del Cabo fault with a topographic escarpment above
1000 m [21,22]. The study area includes the San Juan de Los Planes basin (SJPB).
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Figure 2. Geological map of the study area (dotted red line) with the main faults in the Los Planes
basin: San Juan de Los Planes fault (FSJLP); El Sargento fault (FES); Agua Caliente fault (FAC); Tecuan
fault (FET); La Gata fault (SFLG); and San Bartolo fault (FSB) [16-18].

2.1. Climate

CONAGUA [23] describes the climate as follows. According to the climate classifica-
tion criteria proposed by K&ppen, the prevailing climate in Los Planes is very dry (type
BW) presenting most rain in summer and less in winter. The average annual temperature is
between 22 °C and 24 °C. The highest monthly average temperatures occur in the summer,
from June to September, varying from 27.3 °C to 29.8 °C; the absolute maximum tempera-
tures recorded are from 41 °C to 45.5 °C. The coldest temperatures occur from December
to February, with monthly mean values of 16.7 °C to 18.2 °C. The average annual rainfall
for the basin is 281 mm and is affected by tropical cyclones during the rainy season (from
May to November) [24,25]. The average rainfall varies from 175 mm/year in the coastal
plain to 450 mm/year in the mountain range. The potential evaporation reaches up to
2000 mm/year. Tropical cyclones occur frequently during the rainy season (most likely
between July and October).

2.2. Geological Setting

The Los Cabos Block, a batholithic massif of granitic and granodioritic rocks from the
Cretaceous, appears as a mountainous complex that intrudes into Jurassic heterogeneous
meta-sediments [22]. The block is partly covered by Miocene volcanic and volcaniclastic rocks
from the Comondu Formation, which predates the opening of the Gulf of California [22]. The
eastern part of the study area is formed by the Los Planes (SJLP) basin, a wide tectonic
depression (pit) of elongated shape, with a preferential direction N-S that covers an area of
790 km?. The basin represents an active graben structure, limited to the west by the San
Juan de Los Planes normal fault (FSJLP) and to the east by the San Bartolo-La Gata normal
fault (FSLG) (Figure 2). Additional north—south faulting is affecting the SJPB: El Sargento
fault (FES); Agua Caliente fault (FAC); and Tecudn fault (FET) [16-18,26]. Busch et al. [17]
verified the existence of the west-dipping intra-basin faults based on gravity sections and
estimated that the FSJLP and FES reach depths of more than 3 km. Another fault, the
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so-called San Bartolo fault (FSB), with a preferential E-W direction, is in the southern part
of the Los Planes basin.

The San Juan de Los Planes (SJLP) basin is limited to the south by the Sierra de San
Antonio, which is formed by granodiorites, granites, and metasedimentary rocks (tonalite,
quartz diorite, quartz monzonite, gabbro, aplite andesite, and rhyolite dams). The Sierra
La Gata forms the eastern limit of the Los Planes basin with a north-south orientation
and is composed predominantly of intrusive rocks (granites, granodiorites, diorites, and
tonalities) and metasedimentary rocks (originating from shale and sandstone and, to a
lesser extent, graywacke and limestone) with a high degree of metamorphism [27]. The
filling material is constituted by unconsolidated sediments of the Tertiary and Quaternary
ages, consisting of fluvial sediments and alluvial deposits, mainly composed of medium-
to coarse-grained sands, and dunes; the depth of the porous medium is variable within 30
to 250 m [28].

2.3. Hydrogeological Framework

The SJLP basin forms a semi-confined regional aquifer. It consists of unconsolidated
granular sediments that cover an impermeable granitic basement [14]. The SJLP basin,
which represents the lower part of the study area, is filled with sediments that consist
of Quaternary alluvial deposits, mainly composed of medium- to coarse-grained sands
(Figures 2 and 3). The hydraulic conductivity varies from 5 to 50 m/day. The aquifer is
only occasionally recharged by the infiltration of rainwater and stream contributions [14].
The streams have an intermittent regime and infiltrate the alluvial plain; on occasion, the
runoff reaches the Gulf of California.

The position of the aquifer basement and main structural elements are known mainly
from geoelectrical resistivity and gravity sections [14,17]. Near the village of San Juan de
Los Planes, a depth of more than 103 m is verified by four drillings; the base of the sandy
aquifer consists of a 20 m layer of sandy silt [29] (Figure 3). CNA [14] reported an average
hydraulic conductivity of 4.1 m/day, obtained from nineteen pumping tests (maximum
value of 11 m/day and minimum value of 0.6 m/day); storage coefficients of 0.11 and
2 x 1072 were obtained at two sites, indicating unconfined to semi-confined conditions.
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Figure 3. Typical sediments of the Los Planes aquifer in the center of the Los Planes aquifer (near Los
Planes village; see Figure 4A), after TMI [29].
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Figure 4. (A) The water table of the San Juan de Los Planes aquifer, after [14]. The dotted red line
indicates the limit between the northeastern zone with groundwater flow toward the sea and the long
dashed red line indicates the coastline with seawater intrusion (the red star indicates the position of a

lithological column in Figure 3). (B) Variation of the 0 masl contour line of the water table between
1970 and 2014 [14,15].

The overexploitation of the aquifer started in the 1970s and caused the water table to
lower by more than seven meters below sea level in the center of farmland near the village
of San Juan de Los Planes (Figure 4; [14]). This changed the hydraulic gradient near the
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coast, causing the intrusion of seawater at a length of 7 to 12 km inland [14] (Figure 4). All
official balance calculations, elaborated by CONAGUA over the last 20 years, resulted in
negative volumes per year due to overexploitation (Table 1).

Due to elevated groundwater extractions, a cone of depression formed (documented
first in 1970), which deepened in the following years. In 2003, the lowest water levels were
observed in the agricultural areas near the villages of Los Planes and Juan Cota Dominguez,
reaching a minimum value of —7 m with respect to the sea level, consequently causing
seawater intrusion. The 0 m contour line moved southward, with a maximum distance of
11 km, to the coastline in 2003 (Figure 4).

As is visible in Figure 4, an ongoing process of saltwater intrusion and water table
lowering is notable from 1970 to 2003, followed by a phase of increasing water levels
between 2003 and 2014; meanwhile, the northwestern part (near La Ventana) presented
decreasing water levels between from 1970 to 2014.

2.4. Geothermal Framework

The hydrothermal activity on the peninsula is linked to regional normal striking faults
that allow for the deep penetration of water in areas of high heat flow; these faults are
related to the extensional tectonics of the Gulf of California in the Tertiary [13,30,31]. Since
the installation of the geothermal power plant Tres Virgenes in the northern part of the
peninsula in 1997, many new sites with geothermal manifestations on the peninsula of Baja
California have been discovered. A compilation of the main sites was presented by Arango-
Galvan et al. [13], who defined 14 geothermal areas and described their characteristics.

In the western part of the Los Planes basin, several geothermal wells and springs are
situated along the coastline in a north-south direction. These thermal manifestations follow
the north—south striking El Sargento fault (FES). About one kilometer north of the village of
El Sargento, a geothermal anomaly is situated at the beach called “Agua Caliente”. A water
temperature of 82 °C was recorded in April 2016 at this beach at a 70 cm depth (Figure 5).
Four wells are situated along the El Sargento fault (FES), and one is close to the Los Planes
fault (Figure 5).
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Figure 5. Geologic map of the northwestern part of the Los Planes aquifer with the main faults (El
Sargento fault (FES) and San Juan de Los Planes fault (FSJPL)) and related geothermal manifestations
(blue points).
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2.5. Agriculture and Industrial Activities

Agriculture represents the main economic activity in the Los Planes watershed, with a
total irrigated surface of 820 ha [14]. Chile represents the most important crop, taking up
61% of the irrigated surface [14]. Only 16.5 percent of the irrigated surface is used during
the summer season, mostly for corn production. The total water volume for irrigation is
6.5 million m?, with a resulting irrigation return flow of 16.6% (Table 2).

Table 2. List of the main crop types; corresponding irrigation systems, irrigated surfaces, and water
volumes; and the resulting return flows [14].

Irrigation
. . . 3 g
Season Crop Irrigation System  Irrigated Surface (ha)  Net Volume Used (m°) Return (m®/Year)
Chile Drip 160 1,200,000 48,000
Chile Flood gates 340 2,550,000 484,500
g Tomato Drip 60 462,000 18,480
‘E Corn Irrigation channel 65 286,000 111,540
§ Cotton Flood gates 30 210,000 39,900
Cucumber Drip 50 200,000 8000
Beans Aspersion 50 190,000 26,600
irrigation
Subtotal 755 5,098,000 737,020
S Corn Irrigation channel 135 594,000 231,660
ummer Subtotal 135 594,000 231,660
Alfalfa Aspersion 50 600,000 84,000
. irrigation
Perennial Aspersion
Fruit trees . p . 15 180,000 25,200
irrigation
Subtotal 65 780,000 109,200
Total 955 6,472,000 1,077,880

At present, there is no industrial activity of importance going on, but the western
part of the Los Planes aquifer is affected by historical gold mining. This activity took
place in the region between 1878 and 1911, including the area around the village of San
Antonio. Carrillo [32] described three types of ore deposits in the San Antonio-El Triunfo
mining district, where epithermal veins represent the main type, containing high sulfide
concentrations associated with gold and silver (gold associated with arsenopyrite). The
ore processing techniques employed included cyanide-based milling, gold ore roasting,
and amalgamation, among others [33]. An estimated 800,000 to 1,000,000 tons of mine
waste materials were scattered in an area of approximately 350400 km?, which contained
different byproducts resulting from arsenopyrite oxidation, mainly arsenolite (As,O3) [34].
Therefore, the region shows contamination problems with high concentrations of As, Cd,
Pb, and Zn in the mine waste [35,36]. The contamination was widely distributed, mainly
by winds and runoff from tropical storms, so the contamination was distributed in arroyo
sediments at distances of up to 18 km.

3. Materials and Methods
3.1. Water Samples Documented in Former Studies (for Water Quality and Seawater
Intrusion Estimation)
A compilation of own and published data was elaborated to describe the seawater intru-
sion status in 2003 and from 2014 to 2016 (documented in the Supplementary Materials File).
The CNA (2003) [14] water sampling campaign included 45 sampling sites, 19 of
which were coastal wells, included in this study. The in situ measurements included pH,
temperature, dissolved oxygen, electrical conductivity, and alkalinity. The water samples
were collected in HDPE bottles and filtered, preserved, and sent to specialized labs for the
determination of major ions and cations, as well as metals [14].
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The dataset for 2014-2016 included seven wells (9, 10, 14, 16-19) located in the central
part of the Los Planes basin and documented by Brisefio-Arellano [15]. Another 16 samples
from coastal wells were taken in 2016, including 12 sites where data from 2003 were
available and 4 at known hydrothermal anomalies (3 wells and one spring (Agua Caliente);
see Figure 6). In all samples, the field measurements included pH, temperature, dissolved
oxygen, and electrical conductivity. All samples were filtered through 0.45 pm membrane
filters in the field and collected in polyethylene bottles, previously washed, and samples
were stored in ice boxes at <4 °C to minimize bacterial activity. The samples collected for
cation analysis were acidified with concentrated Suprapur HCI or concentrated Suprapur
HNOj; to obtain pH < 2. The samples were analyzed in specialized laboratories using
ICP-OES (metals) and ion chromatography (major ions) following QA /QC protocols for
the analysis of water [37,38]). Blanks were included during sampling trips [39]. Values
for pH, electrical conductivity, carbonates, chlorides, and sulfates were determined in
the field [37,40,41].
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Figure 6. Position of 19 wells with hydrochemical data from 2003 and 2014 to 2016 (green dots) and
wells with elevated temperatures (red dots).

3.2. Recognizing Seawater Intrusion by Different Methods

Seawater intrusion is a dynamic process that results from periodic changes in the
recharge—discharge balance of the aquifer, where any direct or indirect influence on the
aquifer’s water balance affects the position and movement of the seawater interface [42,43].
The variations in groundwater chemistry then result from differences in recharge-source
chemistries, varied aquifer materials, and fluctuations in groundwater flow [44]. To recog-
nize the effects of seawater intrusion on the hydrochemical composition of groundwater,
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several parameters can be considered, such as the higher total mineralization or the chlo-
ride concentration of the groundwater [45]. Electrical conductivity (EC) is another basic
indicator used to determine whether an aquifer is contaminated and also indicates if this
process is increasing [45]. Commonly, an EC of less than 1000 uS/cm indicates that the
groundwater is under normal conditions [46]. There are several indicators and graphical
representation methods to understand the hydrochemical characteristics and facies of
freshwater—saltwater systems. However, groundwater may also acquire salinity through
contamination from agriculture, industries, improper sewage disposal, domestic wastewa-
ter, the mobilization of deeper groundwater or thermal water, etc. The following methods
were applied to recognize the seawater fraction in the groundwater, ion exchange processes,
and evaporation processes and obtain information on anthropogenic contamination and
geothermal influence. A flowchart (Figure 7) explains the sequence in which these methods
were applied.
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Figure 7. The flowchart of the hydrochemical data interpretation.

3.2.1. Classification of Seawater Freshening

Kelly [47] defined seven different criteria ranging from fresh groundwater to seawater
to interpret the effects of saline water intrusion in a Piper diagram. A “mixture” field
between the seawater and freshwater field indicates conservative mixing without ion
exchange. As the water is mixed in the presence of aquifer materials, ion exchange may
occur, modifying the chemical composition of the groundwater. This will cause the sample
position in the diagram to migrate from the conservative mixing line to the upper part of
the diamond field during the intrusion phase (after Equation (1)) and downward during
the refreshment phase (Equation (2)):

2Na* + CaX, — Ca*™* + 2NaX 1)

Ca*™ +2NaX — 2Na™ + CaXp (2)

3.2.2. Calculation of the Seawater Fraction and Mixing Index
Seawater Fraction

The mixing reactions that occur in the transition zone between fresh groundwater and
seawater can be recognized by comparing the measured water composition with the one
calculated for the conservative mixing of freshwater and seawater [48]. The freshwater—
seawater mixing proportion in each sample was calculated using the Appelo and Postma
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formula [41] and assuming that there were no other contributions to salinity other than
freshwater and seawater:

Msample — M fresh

®)

Seawater fraction: f5,, =
Msea — M fresh

where m is the molar concentration of the anion (C1~ or Br™) in the sample in freshwater
(fresh) or seawater (sea).

Saltwater Mixing Index (SMI)

In open seawater, the conservative elements are found in constant proportions to one
another and to salinity, although salinity varies. All the major ions in seawater, except for
bicarbonate, and some trace elements are included in this group [49]. Therefore, element
ratios can be used as an indicator of seawater intrusion. The “Saltwater Mixing Index”
(SMI) proposed by Park and Aral [50] can be used to estimate the relative degree of
saltwater /brackish water mixing with freshwater, taking four major ions into account; it is
calculated as follows:

CNa* = CMg™" ccr ., Cso, 2=

+c *

SMI =ax TNat * TMg2+ TCl—+ *77“50427

(4)

where letters a, b, ¢, and d represent the relative concentration proportion of ions Na™,
Mg2+, Cl~, and SO42~ in seawater (2 = 0.31, b = 0.04, ¢ = 0.57, d = 0.08); C is the measured
concentration (in mg/L) of the ions in the groundwater [51]. The letter T represents the
estimated regional threshold values, which were obtained, for example, from probability
curves [51,52]. A probability plot was elaborated to calculate the threshold values for the
natural concentrations of the major ions in the fresh groundwater of the study area. Based
on a probability plot of a certain ion, the group of samples with to the lowest concentration
was separated, and the mean value and standard deviation were obtained. Finally, the
threshold values were calculated from the mean concentrations plus 2 standard deviations.
The following threshold values were obtained: Na* (85.4 mg/L), Mg2+ (9.5 mg/L), C1~
(60.5 mg/L), SO4%~ (35 mg/L), HCO;~ (160.7 mg/L), Ca%* (22.3 mg/L), K* (1.6 mg/L).

3.2.3. Hydrochemical Facies Evolution Diagram

The hydrochemical facies evolution diagram (HFE-D), proposed by Giménez-Forcada [42],
allows for the identification of the origin of groundwater salinization; it also indicates dif-
ferent freshening or salinization trends in a coastal aquifer [53,54]. In the HFE-diagram, the
abscissas represent the evolution of % Na* + K* and % Ca2* (or % Mg?*), and the ordinates
identify the evolution of % Cl1~ and % HCO; ™~ + CO32~ (or % SO427). The percentages are
estimated based on total cation and anion concentrations, including those not explicitly
delineated (usually Mg?* or SO42~); based on a percentage of ions of more than 50%, the
following four main facies can be distinguished: Na-HCOj (salinized water where direct
cation exchange reactions occurred), Na-Cl (seawater), Ca-HCO3 (freshwater), and CaCl,
(salinized water where reverse cation exchange reactions took place). If a percentage of an
ion is less than 50%, then the prefix “Mix” is added in case the corresponding freshwater
corresponds to the CaHCOj3 type [42,53].

3.3. Thermal Water

Scatter diagrams and a diagram after Giggenbach and Goguel [55] were used to
recognize two hydrothermal water endmembers on the Baja California Peninsula and their
mixing relationships with seawater. The diagram is based on the relationship between
Mg/(Mg + Ca) and K/(K + Na). A curved line indicates the existence of water-rock
equilibrium at different temperatures.
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The sampling sites influenced by geothermal activity are shown in Figure 5. Four
wells and one spring are situated close to the El Sargento fault, and another well is located
close to the Los Planes fault. At these sites, a mixture of groundwater and geothermal water
can be expected. Analyses from another 11 known hydrothermal sites of the region were
also included in the interpretation: 4 from thermal manifestations in the Sierra La Laguna
mountains [39], 5 described by Lopez-Sanchez et al. [56] (4 wells are located near Cabo
San Lucas and 1 is located near San Jose del Cabo), and 1 well at Buenavista reported by
Hernandez-Morales and Wurl [57].

4. Results and Discussion
4.1. Water Quality

Groundwater presented a wide range of total dissolved solids (TDS) for the whole
dataset from freshwater to brackish water. In 2003, the TDS ranged from 309 to 2007 mg/L
with a median value of 907 mg/L. For 2014-2016, salinity ranged from 340 mg/L to
4145 mg/L, with a median value of 1190 mg/L. The pH ranged from 6.9 to 8.2 in 2003
and 7.2 to 8.5 for 2014-2016 (Table 3). Changes in water quality were notable with an
increase in the total mineralization (TDS +31.2%) and in Na* (+33.7%), Mg?* (46.1%), C1~
(44.6%), SO4%~ (20.7%), and HCO3~ (23.0%) as ions. A slight reduction was observed for
Ca%* (—1.5%).

Table 3. The results of the physicochemical parameters from the 2003 and 2014—2016 campaigns.

Campaign Temp pH Ca%* Mg?* Nat K* HCO3~ S04 CI° TDS
°C mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
2003 * Minimum  38.6 6.9 13.30 4.90 66.00 2.30 91.12 23.00  50.30 309
2003 * Maximum  32.0 8.2 172.40 78.80 550.00 19.60 25728  375.00 893.40 2007
2003 * Average. 30.0 77.81 31.90 205.52 6.22 152.02  137.47 309.66 907
2003 * St. Dev. 1.8 48.84 24.68 145.79 431 43.86 105.85 264.69 580
2014-2016 **  Minimum  30.5 72 9.37 8.38 63.01 0.86 122.00 21.78  45.65 340
20142016 **  Maximum 37.8 8.5 213.62 176.93 1239.5 43.25 316.07  454.61 19174 4145
2014-2016 **  Average. 26.9 76.66 46.62 274.74 7.02 186.94  158.14 44771 1190
20142016 **  St. Dev. 2.35 57.51 43.65 269.87 9.52 47.68 150.93  456.44 916

* Taken from [14]; ** data is from this study and from [15]. St. Dev. = standard deviation.

Regarding water quality for human use, 31.6% and 47.4% of the samples from 2003 did
not comply with the Mexican drinking water standard (NOM-127-SSA1-1994) for Na* and
Cl~, respectively. For 2014-2016, 36.8%, 47.4%, and 10.5% of the samples did not comply
with the standard for Na*, C1~, and SO4~, respectively.

4.2. Groundwater Types

The relationship between major ions can be observed in the Piper diagram for 2003
and 2014-2016 (Figure 8A,B). In both diagrams, sodium is the most dominant cation, while
chloride and bicarbonates are the most abundant anions. Interpreting the Piper diagram
after the Kelly classification [47], it can be observed that in 2003 and 2014-2016. A total
of 13 samples corresponded to the “intrusion” or “conservative mixing” fields. A general
trend of increasing salinization between 2003 and 2014 to 2016 was observed; however, in
some wells, freshening occurred. In 2003, three samples fell in the “freshening” and “slight
freshening” fields, while for 2014-2016, there were four samples in these fields (Table 4).
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Figure 8. Piper diagram with seawater-freshening classification, after Kelly [47]: (A) 2003; (B) 2014-2016.

Table 4. Classification of 19 water samples, after Kelly [47].

Classification 2003 2014-2016
Intrusion 7 8
Conservative mixing 6 5
Slight conservative mixing 3 2
Slight freshening 2 2
Freshening 1 2
SUMA 19 19
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4.3. Calculation of the Seawater Fraction Based on Ion Ratios

In open seawater, the conservative elements are found in constant proportions to one
another and to salinity, although salinity varies. All the major ions in seawater, except for
bicarbonate, and some trace elements are included in this group [49]. Therefore, element
ratios can be used as an indicator of seawater intrusion. The calculated seawater fractions
(%) are provided in Table 5).

Table 5. Calculated seawater fractions (%) for 2003 and 2014-2016 and their differences (%).

Ref. fsea % fsea % fsea %
2003 2014-2016 Difference

1 3.69 411 0.42

2 VEN 4.21 9.39 5.18

3 BA]J 0.49 0.97 0.48
4 0.09 0.09 —0.00
5 1.11 3.04 1.93
6 —0.03 —0.03 —0.00
7 0.01 —0.08 —0.09
8 0.47 0.24 —0.23
9 —0.03 —0.01 0.02
10 0.43 0.67 0.23
11 0.29 0.26 —0.03
12 1.67 1.23 —0.44
13 1.76 1.61 —0.15
14 1.05 0.80 —0.24
15 3.64 2.63 —1.01
16 1.73 4.17 2.44
17 1.27 1.87 0.60
18 —0.05 —0.02 0.03
19 0.49 0.87 0.38

LA™ 31

SAR* 88.5

P Sar * 3.6

ADE * —0.2

* At this site there was no data available from 2003.

Although an average increase of 0.5% in the seawater fraction was obtained for all
samples from 2014 to 2016 compared with the situation in 2003, most wells showed a low
seawater fraction (below 1% in 53% of the samples from 2003 and 58% from 2014 to 2016).
According to Mahlknecht et al. [5], and regarding human uses, mixing only 2% seawater
into a freshwater aquifer exceeds organoleptic objectives for the upper limit of chlorides,
while mixing in 4% will make water mostly unusable, and 6% will make it only suitable
for cooling and flushing purposes. In 2003, three samples surpassed the 2% limit, and in
20142016, five samples did so (Table 6). In 2003, one sample also surpassed the 4% limit,
and three surpassed the limit for 2014-2016, of which one sample even surpassed the
6% limit.

Changes in the calculated seawater fraction (of less than +/—0.1%) were observed at
six wells; eight showed an increase (red color) of up to 5.2%, and five showed a decrease
with a maximum of 1%. However, the salinity of freshwater can vary depending on other
factors such as the infiltration of irrigation return flows. Stigter et al. [58] defined an increase
in salinity from a factor of three in a rural aquifer in Portugal with heavy pumping rates,
and [5] used a factor of five for the more urban-influenced La Paz aquifer in northwestern
Mexico. Under both definitions, only well 2 showed a clear increase in salinity.

4.4. Salinity Origin after the Hydrochemical Facies Evolution Diagram

In shallow sedimentary aquifers, groundwater evaporation, cation exchange, ion ef-
fects, and salt effects are important geochemical factors that occur widely. Cation exchange
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involves the replacement of the bivalent cations Ca** and Mg** in the aquifer matrix with
the monovalent cations Na* and K* in groundwater see Equations (1) and (2).

The hydrochemical facies evolution diagram (HFE-D) was applied to the samples for
2003 and 2014-2016 to understand the state of the Los Planes aquifer and discriminate
between the two principal phases (intrusion or freshening). Both phases are separated in
the HFE-D by the conservative mixing line (blue line in Figure 9).
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Figure 9. HFE-diagram for 2003 (A) and 2014-2016 (B).

In 2003, 10 samples can be identified as the freshening phase and 9 as the salinization
phase. For 2014-2016, only 9 samples can still be defined as the freshening phase, but 14 can
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be identified as the salinization phase, an indication that seawater intrusion was advancing
(Figures 9 and 10). The diagram allows us to identify five substages for each phase: f1, 2,
£3, and {4 for freshening and FW for freshwater; i1, i2, i3, and i4 for the salinization and SW
for saltwater (Figure 9). Four samples (LPL 5, 6, 7, and 16) show a shift from freshwater
toward seawater intrusion (Table 6).
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Figure 10. Changes in seawater intrusion between (A) 2003 and (B) 2014-2016, as defined by the
HFE diagram.
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Table 6. Facies evolution between 2003 and 2014-2016.

Site 2003 2014-2016
No. Phase Facies Phase Facies
1 Intrus. Na Cl Intrus. Na Cl
2 VEN Intrus. Na Cl Intrus. Na Cl
3 BA]J Fresh. Na cl Fresh. Na Cl
4 Fresh. Na MixHCO3 Fresh. Na HCOs3
5 Fresh. Na Cl Intrus. Na Cl
6 Fresh. Na HCO3 Fresh. Na HCO3
7 Fresh. MixNa HCO;3 Fresh. Na HCOs3
8 Intrus. MixNa Cl Fresh. Na MixHCO3
9 Fresh. Na HCO3 Fresh. Na HCO3
10 Fresh. Na MixCl Fresh. Na Cl
11 Fresh. Na MixCl Fresh. Na MixCl
12 Intrus. MixCa cl Intrus. MixNa MixSOy
13 Intrus. Na Cl Intrus. MixNa MixCl
14 Intrus. MixNa Cl Intrus. MixNa Cl
15 Intrus. Na Cl Fresh. Na Cl
16 Intrus. MixNa Cl Intrus. MixNa Cl
17 Intrus. MixNa Cl Intrus. MixNa Cl
18 Fresh. Na HCO3 Fresh. Na HCO3
19 Fresh. Na Cl Intrus. Na Cl
LA Fresh. Na Cl
ADE Intrus. Ca HCO;
P Sar Fresh. Na Cl
SAR 80 Fresh. Na Cl

In the HFE diagram for 2003, two of the four main facies can be identified: seven
wells of Na-Cl facies (seawater dominant) and three that correspond to the Na-HCOj3
facies (salinized water with direct exchange). With respect to the subfacies, four samples
correspond to MixNa-Cl; two to Na-MixCl; and one to each of the subfacies, Na-MixHCOj3,
Mix Na -HCO3, and MixCa-Cl.

In the HFE diagram, for 2014-2016, two of the four main facies can be identified:
seven wells of Na-Cl facies (seawater dominant) and five that correspond to the Na-HCO3
facies (salinized water with direct exchange). With respect to the subfacies, three samples
correspond to MixNa-Cl and one to each of the four subfacies, Na-MixCl, Na-MixHCOj3,
Mix Na-MixSQ,, and MixCa-MixCl.

The number of wells with seawater intrusion was constant between 2003 and 2014-2016
(10 samples correspond to freshwater and 9 to the intrusion facies), but wells 5 and 19
changed from freshwater in 2003 to intrusion in 2014-2016, and wells 15 and 8 refreshed in
2014-2016. In the freshwater group for 2014-2016, an average seawater fraction of 0.28 was
obtained, as compared with 2.16 in the intrusion group. The four geothermal-influenced
samples are included in the HFE diagram, but their position is not well represented. All
three samples along the El Sargento fault are defined as freshwater, although their seawater
fractions elevated from 3.1 to 88.5%. On the other hand, the least mineralized sample,
ADE, which had a negative seawater fraction calculated, was classified in the HFE diagram
as intrusion.

5. Geothermal Water

The results of field measurements (in situ) are reported in Table 7. The low redox
values (maximum 20 mV, minimum —410 mV) exclude the presence of oxygen in the water,
and, therefore, the measured oxygen concentrations are not reported. The concentrations
of major cations and anions for all water samples included in Figure 11 are contained
in Tables 8 and 9, respectively. The Charge-Balance Error (CBE) results were within an
acceptable range (<=£7%) for all water samples.
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Table 7. The results of the physicochemical parameters, measured in the field.

Temperature Redox Electrical
Site Key pH A Conductivity
Q) (mV)
(uS/cm)
Los Angeles LA 7.37 48.7 —157.5 5500
Agua Ademadas ADE 6.59 26.8 —1163.1 120
La Ventana VEN 7.09 32.3 - 2480
El Bajio BA]J 7.69 38.6 —1139.8 960
Pozo Sargento P Sar 791 29.0 - 5990
Sargento 80 °C SAR 80 7.8 80.0 - -

La Junta Creek * BAR1 9.49 25.6 —370.0 393
La Junta Creek * BAR 3 9.33 26.4 —287.7 325
La Junta Creek * BARS5 9.61 26.1 —270.0 632
La Junta Creek * BAR 11 9.44 28.5 —410.0 390
Buenavista ** BV 8.04 41.3 36.1 773
C. San Lucas 1 *** SL1 6.9 25 - 1700
C. San Lucas 2 *** SL2 6.4 22 - 3530

C. San Lucas 4 *** SL4 5.6 42 - 28,200

C. San Lucas 5 *** SL5 57 72 - 49,600
San ] Osg del Cabo. SJ6 7.3 36 - 6750

Seawater M7 **** M7 7.8 25 - -

600

500

400

300

200

100

* Wurl et al., 2014 [39]; ** Hernandez Morales and Wurl 2016 [57]; *** Lopez Sanchez et al. 2006 [56]; **** Prol-

Ledesma et al., 2004 [17].
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Figure 11. Scatter diagram of the relationship between Na and Cl in samples in Tables 7-9, visualizing

the mixing between seawater and geothermal water.



Resources 2023, 12,47

19 of 25

Table 8. Concentration of main cations (mg/L).
Sample Na K Ca Mg B
LA 460.6 15.0 68.6 8.9 1.1
ADE 29.9 0.5 40.0 6.2 0.1
VEN 550.0 19.6 105.6 67.6 -
BAJ 146.0 47 36.7 15.1 -
P Sar 554.5 9.2 60.8 30.7 1.0
SAR 80 15,136.9 509.0 589.1 569.4 8.2
Bar1* 90.2 1.5 2.0 0.1 9.5
Bar 3 * 97.5 1.2 2.6 0.1 6.0
Bar5* 87.9 1.4 1.9 0.1 0.8
Bar 11 * 85.2 0.5 4.8 0.2 2.0
BV ** 152 431 5.2 0.63 0.3
SL1 *** 290.0 14.1 27.0 47.1 -
SL2 *** 722.0 35.0 32.0 59.0 -
SL4 *** 5070.0 283.0 1210.0 75.0 -
SL5 *** 9820.0 631.0 2430.0 69.6 -
SJ6 *** 1090.0 33.0 190.0 83.7 -
\Y Viddad 11,176.0 487.0 392.0 1400.0 -

* Wurl et al., 2014 [39]; ** Hernandez Morales and Wurl 2016 [57]; *** Lopez Sanchez et al. 2006 [56]; **** Prol-
Ledesma et al., 2004 [17].

Table 9. Concentration of main anions (mg/L).

Sample Cl F SO4 HCO;
LA 674.0 0.1 85.4 200
ADE 21.0 0.1 3.4 195
VEN 893.4 0.1 187.5 205.7
BA]J 158.1 0.1 55.0 170.0
P Sar 769.0 0.1 149.0 300
SAR 80 14,141.9 3.9 1670.6 100
Bar1* 58.3 1.8 56.3 70.3
Bar 3 * 88.6 3.2 33.6 75.8
Bar 5% 53.0 0.6 48.6 237
Bar 11* 36.5 2.3 40.8 59.7
BV ** 1215 222 59 7.2
SL1 *** 1279 0.1 105 371.9
SL2 *** 1826 0.1 200 278.9
SL4 *** 9132 1.7 625 93.0
SL5 *** 15,708 6.9 650 93.0
SJ6 *** 2557 2.9 500 3254
M7 **** 18,744 0.1 2554 97.6

* Wurl et al., 2014 [39]; ** Hernandez Morales and Wurl 2016 [57]; *** Lopez Sanchez et al. 2006 [56]; **** Prol-
Ledesma et al., 2004 [17].

Scatter diagrams were created to analyze the ratio of mixing between seawater and
geothermal water samples from Los Planes. The relationship between Na and Cl was plotted
for two types of thermal fluid: samples close to the El Sargento fault (green points in Figure 11)
and samples described by Lopez-Sanchez et al. [56] (orange points in Figures 11 and 12). This
comparison revealed a clear linear trend (R? = 0.9985) for the samples near the El Sargento
fault, indicating a conservative mixing process between both fluids.

Two different main compositions of thermal water have been described for the Baja
California Peninsula. The manifestations with the highest temperatures (SL5, SAR 80) were
found near the coast [30,56,59], and in the case of SL5, seawater was identified as the main
supply source, which is modified by geothermal processes [30,60,61]. This thermal water is
enriched in Ca, As, Hg, Mn, Ba, HCO3, L, Sr, B, I, Cs, Fe, and Si relative to seawater [56,61].
The calculated temperatures for the deep reservoir reach 200 °C [56].
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Figure 12. Scatter diagram of the relationship between Mg and Cl in samples in Tables 7-9, visualizing
the mixing between seawater and geothermal water.

The relationship between Mg and Cl is presented in Figure 12. In this graph, three groups
of water are identified. The first group corresponds to springs and wells in the La Junta
area (Bars 1, 3, 5, and 11; blue dots) with the lowest Mg and Cl concentrations. The samples
from Los Planes (green dots) and Cabo San Lucas (red dots) indicate a mixing process
between seawater and thermal fluid. The thermal influence differs in both groups and can
be recognized by the lower Mg content in the sample than in the seawater.

In contrast, Wurl et al. [39] and Hernandez-Morales and Wurl [57], describe a different
water composition for the thermal springs from the Los Cabos Block (Bar 1, Bar 3, Bar
5, and Bar 11), where meteoric water represents the main supply source. Here, very low
mineralization and high pH values (up to 9.6) were observed. The calculated temperatures
for the deep reservoir reach values between 86 °C and 115 °C (calculated with a quartz
geothermometer) [62]. The highest temperature, measured at the surface, is less than
50 °C [57].

Mixtures between hydrothermal water and groundwater can be recognized based
on elevated B/Cl ratios [63]. The following B/Cl ratios (for mg/L concentrations) were
obtained: an average ratio of 0.075 for low mineralized thermal water, recharged by mete-
oric water (Bars 1,3, 5, and 11); higher mineralized thermal water with about 3% recharge
from seawater 0.0016 (Los Angeles ranch); average seawater (0.00024); or freshwater (0.003
at LPL21). In the following section, the water samples are discussed based on scatter
diagrams, as per the diagram proposed by Giggenbach and Goguel [55] (Figure 13).
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Figure 13. Diagram proposed by Giggenbach and Goguel [55] with all samples included and the
percentage of mixing relationships between seawater and sample SL5 and Bar 3. Data were obtained
from [11,30,39,56]. In the diagram taken from Giggenbach and Goguel [55], four water samples taken
at thermal manifestations located near the La Junta creek in the Sierra la Laguna Mountains (Bar 1,
Bar 3, Bar 5, and Bar 11 [39]) are closed to equilibrium conditions at a reservoir temperature between
100 and 110 °C. In the case of four wells drilled at the beach near Cabo San Lucas, only sample
SL5 reaches the near-equilibrium temperature at 200 °C; the other three wells show mixtures with
seawater in relationships of 7% at SL4, 70% at LS 2, and 80% at SL1. The seawater composition for
the Gulf of California in Bahia Concepcion (M7), as described by Prol Ledesma [30], shows a slightly
better fit with wells SL1 and SL2 than the composition of global seawater in Nordstrom et al. [64]
(yellow circle in this figure).

Sample SL5 is representative of the thermal groundwater with seawater as the main
source, and Bar 3 is typical for thermal water with meteoric water as the source, and these
were recognized as endmembers. The resulting equilibrium temperatures of 200 °C and
110 °C for the deep reservoir coincide with the reported ones, obtained with different
geo-thermometers by Lopez-Sanchez et al. [56] and Wurl et al. [39]. Because the diagram
permits the recognition of mixing processes between the different types of water [65], the
mixing between both endmembers and seawater was calculated, and the mixing relation of
different percentages was included in the diagram. The samples from the manifestation at
Los Angeles and the thermal spring at the beach north of El Sargento coincide with those
of Buenavista and San Jose del Cabo, indicating an intermediary position between both
mixing lines, amounting to about 140-160 °C under equilibrium conditions and mixing
with seawater. The shallow wells in the villages of El Sargento and La Ventana indicate
lower equilibrium temperatures of 100-120 °C and mixing with less than 1% seawater. The
fourth endmember (E 4 in Figure 13) is represented by the water—rock interaction with
the sediment and was obtained from batch analyses conducted on sediments from the
upper part of the aquifer (obtained from drillings in Brisefio Arellano [15]; see Table 10). It
represents the typical endmember for the pure reaction of rainwater with sediment.
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Table 10. Typical endmember for the pure reaction of rainwater with sediment (obtained from batch
analyses on sediments from the upper part of the aquifer), obtained from Brisefio Arellano [15].

Sample pH Na K Ca Mg F Cl SOy HCO;
07 PLRE 55 5.17 731 36.13 418 0.17 2.01 56.56 28.72
8 PLﬁg 55 3.96 6.32 40.45 528 0.23 1.67 993 27.28
10 PLZROCZ 55 4.15 5.06 17.57 2.36 0.34 2.76 33.62 35.9
11
VIWD3A 55 4.71 6.68 29.56 5.47 0 1.76 28.41 40.21
Mean 5.5 427 6.02 29.19 4.37 0.19 2.06 53.78 34.46
value

6. Conclusions

Seawater intrusion contributes significantly to salinization, causing a decrease in
groundwater quality and numerous environmental problems, such as high salinity levels,
which may extend several kilometers inland in coastal aquifers. A negative effect on
agriculture, water supply systems, and human health may result [41]. The existing methods
cannot identify salinization due to mixing with mineralized thermal water. To recognize
this additional impact, the differences in temperature and some dissolved solids allow
us to distinguish between thermal water and typical surface water and groundwater.
However, so far, only a few studies have focused on mixtures between thermal water and
groundwater/surface water related to seawater intrusion.

Thus, the impact of higher mineralization caused by mixing with thermal water will
not be recognized in most cases. In the case of the Los Planes aquifer, the elevated min-
eralization was reported correctly in former studies, but the influx of thermal water was
confused with direct seawater introduced as an effect of ongoing aquifer overexploitation,
which led to higher mineralization at the coastline; because of this, the water from most
wells is not recommended for drinking. Our study indicates that the ongoing overex-
traction led to an average increase of 0.5% in the calculated seawater fraction since 2003.
However, the Los Planes aquifer represents a complex system where thermal water affects
groundwater quality in its western part. The geothermal manifestations along the faults
of San Juan de Los Planes and El Sargento introduce thermal water with an important
percentage of heated seawater into the aquifer. In a well near the Los Angeles ranch, we
measured an increase in mineralization through thermal water, equivalent to 3.1 percent
seawater. However, the water table indicates that this elevated mineralization cannot result
from direct seawater inflow; rather, it is related to hydrothermal water with a mixture of
seawater and freshwater as sources. This well is located on the El Sargento fault, where a
gradual diminution of concentrations can be observed southward to the Sierra la Laguna
Mountains, where meteoric water forms the source of the hydrothermal system. This low
mineralized thermal water is associated with a rapid flow of meteoric water into deeper
zones (reaching temperatures of around 100 °C) and a subsequent return to the surface [56].
The temperatures estimated for the deeper reservoir of the anomalies in the Los Planes
aquifer at San Jose (S] 6), El Bajio (BAJ), Los Angeles (LA), and El Sargento (SAR) show a
tendency toward reservoir temperatures between 140 °C and 160 °C, providing several
options for uses of this geothermal energy, for example, water desalination [66]. Future
management strategies should be elaborated, taking into account our new findings.
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