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Abstract: In arid and semiarid regions, groundwater becomes the main source to meet the drinking
water needs of large cities, food production, and industrial activities. For this reason, necessary studies
must be carried out to estimate its quantity and quality, always seeking sustainable management,
thus avoiding social conflicts or a decrease in the productive activities of humanity. This research
explains the behavior of groundwater quality concerning arsenic speciation and its relationship with
fluoride. The average total arsenic concentration of 19.95 µg/L and 20.29 µg/L is reported for the
study period from 2015 to 2020, respectively, according to the Mexican standard. If the population
drinks water directly, it is exposed to possible damage to health. The predominant arsenic species
is As (V), with 95% and As (III) with 5%, this finding will allow us to define in greater detail the
type of remediation that is required to reduce the content of this element in the water. Regarding the
relationship between arsenic and fluorine, very small Pearson correlation coefficients of the order
of 0.3241 and 0.3186 were found. The estimation of the space–time variation made it possible to
identify the areas with the highest concentration of arsenic and fluorine, allowing the definition of
the operating policies of these wells, thereby protecting the health of the inhabitants who consume
this water.

Keywords: arsenic speciation; fluor; groundwater; hydrogeochemical modeling

1. Introduction

Groundwater is an emerging source that Mexicans have to meet their water needs for
different activities. However, arsenic concentrations in groundwater have been reported for
years in semiarid regions of Mexico, higher than the values suggested in the standard. Some
studies have shown co-occurrence with fluorine [1–7]. Approximately 6 million Mexicans
are exposed to high concentrations of arsenic and fluorine, especially in central–northern
arid region where predominant geology is characterized by outcrops of Paleozoic and
Mesozoic sedimentary rocks, Tertiary igneous rocks, and marsh and lake deposits. Mine
tailings and mineral deposits of hydrothermal origin can be a contributing factor to the
presence of As in soils, sediments, and groundwater [5,6,8–10]. This is a problem with
worldwide relevance, where high concentrations of this element in groundwater have
been reported in different places throughout history; some relevant reports are observed
in Table 1. The arsenic footprint occurs throughout the world in different ways (rocks,
sediments, soil, water). However, most of this geogenic contamination is deposited in
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alluvial aquifers, exposing 94 million people [11]. The main continent affected by this
problem concerning its population is Asia, followed by Africa and South America [10–13].

The World Health Organization (WHO) has established an arsenic concentration limit
in groundwater of 10 µg/L due to its carcinogenic and toxic effects on human health [14],
while Mexican norms establish 25 µg/L [15].

Table 1. Reported occurrences of high arsenic concentration in groundwater worldwide.

Country As (µg/L) Reference

Afghanistan 100 * [16]
Africa 1760 * [17,18]

Argentina 3810 * [7,19]
Bangladesh >1000 [12,20–22]

Chile 770 * [7,19]
China 850 * [23]

Cyprus 64 * [24]
Finland 980 * [25]
Greece >1000 [24]

Hungary 68 * [26]
India 50 * [27,28]

Mexico 241 * [29,30]
USA 210 * [31,32]

* Maximum values.

Composition of water is the result of complex interactions between physical and
chemical processes that take place along the flow, mainly from chemical interaction with
minerals, gases, and organic matter and the mixture with other waters due to dispersion
and diffusion [1,33–35]. In general, composition of groundwater can be traced along a
flow line, from the sampling point to the recharge zone [36]. Compositional changes in an
aqueous solution as a result of its flow in a porous subterranean medium were recognized
and highlighted by Chebotarev (1955) [37], who in his extensive contribution determined
the evolutionary sequence of groundwater.

Several investigations have been carried out to understand the mechanism of evolution
of ions in groundwater [7,8,29,33,38] and, based on this, to determine its trajectory and
the geological environment through which it has passed. This allows identifying elements
that can generate health issues using water in different activities. However, there are still
many questions, especially for those that produce severe human health problems, such
as arsenic in water. Therefore, this research is focused on contributing to understanding
the (spatiotemporal) behavior of arsenic through monitoring the evolution and type of
arsenic found in water used for drinking or irrigation purposes. Humans can ingest arsenic
through direct drinking of water or food consumption; it has been reported that arsenic is
extremely carcinogenic, and it also has negative chronic effects through long-term ingestion
in low concentrations.

In this area of study, an investigation such as this has not been carried out; there have
only been reports published over time stating that the problem of high concentrations of
arsenic is becoming worse. Neither remediation technologies have been implemented to
control this problem, which is why this study is relevant for the region, as well as for its
inhabitants, to choose or create an adequate and effective remediation method for this type
of problem.

Studies suggest the presence of As in hundreds of compounds, including mineral
forms; for this reason, it is important to study the speciation in groundwater. Geochemical
composition of an aquifer has direct control over groundwater quality due to the release of
arsenic, aggravated by other anthropogenic activities [8,18,38–42].

Toxicity depends on oxidation state, chemical structure, and solubility. Arsenic toxicity
scale diminishes in the subsequent direction: Arsines > As+3 inorganic > As+3 organic > As+5

inorganic > As+5 organic > arsenical compounds and elemental arsenic [43]. In water, the pres-
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ence is due to the natural mineral’s dissolution from geological deposits, discharge of effluents,
and atmospheric sedimentation. In surface water with high oxygen content, the most common
component is the pentavalent or arsenate (As+5). Under reduction conditions, generally in
groundwater or lake sediments, trivalent arsenic or arsenite predominates (As+3) [1,44–46].

Monitoring water quality for human consumption and different activities must be
performed permanently in short time intervals, to detect the presence or evolution of
any element that is outside the norm established by the specific country or organization
such as the World Health Organization (WHO). In this research, it is proposed that early
identification of arsenic-affected areas can serve as a milestone in creating remediation
programs and in providing safe drinking water for the population. Therefore, one of
the scientific challenges is to explain the As (III)/As (V) ratio, related to the variation in
redox conditions, microbiological activity, water sources, and environmental conditions.
These processes are regulated by redox potential, pH, chemical composition of the system,
competing anions, minerals in the aquifer, and reaction kinetics [27,47–50]. In addition,
there is evidence that arsenic in groundwater is associated with the presence of fluoride,
for which it is of scientific interest to determine its possible relationship. This will allow
defining better water quality, thus avoiding harmful effects on public health. This work
contributes to the SDGs, clean water and sanitation, good health and wellbeing, industry,
innovation and infrastructure, and sustainable cities and communities [51].

The aims of this work were (1) to determine the space–time evolution of arsenic and its
speciation in groundwater of an alluvial aquifer through hydrogeochemical modeling, and
(2) to relate the concentration of arsenic to fluorine using the Verma model in a semiarid
region of Mexico with hydrogeochemical modeling through 5-year difference samples.

2. Materials and Methods
2.1. Description of the Study Area

The study area comprises the administrative aquifers of Calera, Chupaderos, and
Benito Juarez, Mexico (Figure 1). It is located at the central portion of Zacatecas; between
parallels 22◦47′ and 23◦42′ of north latitude and between the meridians 102◦39′ and 103◦01′

of west longitude, covering an approximate area of 5060 km2 (Figure 1) [52].

2.2. Geological Features

Zacatecas comprises four geological provinces: Sierra Madre Occidental, Sierra Madre
Oriental, Mesa del Centro, and Eje Neovolcánico. Rocks are of all the fundamental types,
igneous, sedimentary, and metamorphic, whose formation ages correspond from the
Triassic to the Recent. The oldest are low-grade metamorphic rocks (phyllites, shales,
and schists). Cenozoic igneous rocks appear with their characteristic structures (volcanic
devices and lava flows) and in intrusive bodies that affect pre-existing rocks (Figure 1) [53].

In the study region, alluvium predominates, also called fill material, where most of
the wells are located; followed by igneous rocks. The main types of soils are kastanozem
(the average is characterized by having a depth of two meters where clay predominates);
regosol has a coarse granulometry; gypsisol has a medium texture with a low moisture
retention capacity and a slope of 8%; finally, the feozem with high clay content and black
color (Figure 2) [54].

2.3. Sample Collection and Concentration Determination

A campaign was carried out with 182 groundwater samples from each year (2015 and
2020). The ideal would be to monitor all existing wells, to identify in greater detail the
mobility of arsenic constantly, however, this requires economic resources, and sometimes in
underdeveloped countries, it is not possible to access this. For this reason, monitoring net-
works are created that allow knowing the state of the region. Infield, electrical conductivity
(EC), total dissolved solids (TDS), hydrogen potential (pH), and dissolved oxygen were
measured. An isolation cell was used to prevent atmospheric interaction and achieve stabil-
ity. Alkalinity test was performed, with a brand titration device HACH®(Hach Company,
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Loveland, CO, USA) which includes cartridges containing H2SO4 at 0.16 normal concentra-
tion (N). Concentrations of CO2

2− and HCO3
− ions were obtained through equilibrium

point determination with phenolphthalein and bromophenol blue indicators. All samples
were collected in plastic bottles and filtered (0.45 µm), ensuring elimination of dissolved
solids that could affect subsequent determinations. Samples were transported and stored
at a temperature of 4 ◦C.

Analytical determinations were performed in the Hydrogeochemistry Laboratory of
Autonomous University of Zacatecas, and samples were analyzed by atomic absorption
spectrophotometry (Thermo Scientific ICE AA 3300, Waltham, MA, USA) with generation
of hydrides. Determinations of major ions Ca2+, Na+, K+, and Mg2+ were evaluated using
the same equipment. Chloride was determined by titration using AgNO3 and K2CrO4
indicators. Other anions were determined by colorimetry; SO4

2− by precipitation of
BaSO4; N–NO3 by the automated cadmium reduction method. Calibrations for atomic
absorption spectrophotometry and automated colorimetry were made using an appropriate
dilution standard. Additional control includes ion balance —below ±7%. The precision of
physicochemical parameters was verified using ionic equilibrium error (EBI), and cations
and anions are expressed in meq/L (Equation (1)) with a permissible limit of ±10%.

EBI = Σ anions − Σ cations/Σ cations + Σ anions ∗ 100. (1)

All determinations were made under the guidelines described in APHA-SMWW
2006 [55] and applicable Mexican regulations.

2.4. Analysis of Data
2.4.1. Mapping of Parameters

Concentrations of arsenic and fluorine were analyzed with ordinary Kriging (ArcMap
10.1, Esri’s ArcGIS, Redlands, California, USA). This geostatistical method estimates surface
from a set of scattered points with z-values. It uses a math function to some points within a
specified radius and determines the output value for each location. Kriging is a multistep
process: exploratory statistical analysis of data, variogram modeling, surface creation, and
variance surface exploration.

The general formula is (Equation (2)):

Ẑ(S0) =
N

∑
i=1

λiZ(Si), (2)

where Z (Si) is the measured value at the location, λi is an unknown weight for the value
measured, S0 is the location of the prediction, and N is number of measured values [56,57].

2.4.2. Hydrogeochemical Modeling

Hydrogeochemical modeling for speciation of arsenic was carried out with PHREEQC
version 3.0 (PHREEQC, USGS Water Resources Mission Area, Reston, VA, USA) soft-
ware based on the database WATEQ4F.dat. The program implemented the ion-associated
theory of aqueous solutions and Debye–Hückel expressions to execute various aqueous
geochemical calculations [58,59].

According to the Debye–Hückel theory, single-ion activity coefficient Υi of ion i in a
solution of one or more electrolytes is given by (Equation (3)):

lnΥi =
ADH z2

i

√
Im

1 + BDHa
√

Im
, (3)

where zi is the charge number of ion i; Im the ionic strength of solution on a molality basis;
ADH and BDH are defined functions of the kind of solvent; and a is an adjustable parameter,
equal to the mean effective distance of closest approach of other ions in the solution to one
of the i ions [60].
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PHREEQC rewrites all chemical equations in terms of master species. One master
aqueous species is associated with each element, or valence state, the activity of hydrogen
ion, of the aqueous electron, and water. This reduces the number of unknowns to minimum
and iteratively refines values until a solution to the set of algebraic equations is found.
Master unknowns for aqueous solutions are the natural log of the activities of master species,
activity of water, ionic strength, and mass of solvent water in an aqueous solution [58,61–63].

2.4.3. Statistical Analysis

For statistical analysis of the relationship between arsenic species and fluorine, we
carried out a linear regression model of least-squares weighted by uncertainty (UWLR) in
Bivariate Data Analysis System software (RMIQ_2018: BiDASys, UNAM, CDMX, Mexico).
This is a novel weighted linear regression method founded on estimations of total uncer-
tainty with a strict confidence level of 99%. The software uses studentized residuals for
linear regression models using Equation (4):

Srj =

∣∣∣∣∣∣∣∣∣∣
rj√

∑ r2
j

n−2

√(
1− 1

n

)
−
(

(xj−x)
2

∑(xj−x)
2

)
∣∣∣∣∣∣∣∣∣∣
, (4)

where Srj represents the studentized residuals; rj the residuals calculated by each linear
regression; n the number of samples; and xj and x the individual value and the mean from
sample x, respectively [54].
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3. Results and Discussion

Long-term geogenic exposure to arsenic in water is a public health concern. This
problem is aggravated in semiarid regions such as the one studied in this research. The
species of inorganic forms (generally the most toxic to the human body) of arsenic are
relevant to understand because of its interaction with biota, mobilization, adsorption, and
transport of elements in aquatic systems. Researchers [17,38,63], agree with this approach.

Groundwater, considered worldwide as an important source for human consumption,
food production, industrial processes, and recreation, requires a physical, chemical, biologi-
cal, and radioactive characterization. This determines possible risks in the end-users of the
products generated with it, as reported in various investigations [21,64,65].

In the last 5 years, some investigations have focused on determining, in detail, the
type of arsenic that occurs in groundwater, recommending investigating it by region, due
to the particularity of each one of them. This research contributes to identifying the type
of arsenic in groundwater from alluvium aquifers, thereby mitigating possible effects on
final consumers.

It has also been reported that there exists, generally, a relationship between arsenic and
fluorine, that is, when one is present, the other appears [5,66,67]. Therefore, it is necessary
to identify this, through the application of models that relate variables, to understand
this behavior.
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Results of the arsenic speciation analysis in the study region are presented below,
where predominately groundwater is consumed and comes from these aquifers, as well as
the relationship of As with fluorine obtained with the linear regression model of Verma,
least-squares weighted by uncertainty (UWLR).

3.1. Mapping of Arsenic

Concentration of total arsenic in the monitoring wells of Chupaderos and Benito Juárez
aquifer ranged from 4–27 µg/L (Figure 3); these values are within the limit established by
Mexican regulation (25 µg/L). Therefore, this area is safe for its agricultural, industrial,
urban public, and recreational use. Similar results have been reported in investigations,
with the difference that some of the aquifers are of the karstic type [43,68,69].
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However, the southwest of the Calera aquifer shows a region to the west with a zone
of very high concentrations, with values between 39–66 µg/L, exceeding the WHO and
Mexican standards. This contamination is of a natural type since the aquifers are located
on a region of sedimentary rocks (pyrite) as seen in Figure 1; in the same way, areas that
begin to increase their content of this element are part of igneous rocks within the region,
which indicates a relationship established in the literature that this element is associated
with this type of geology [18,41,43,70,71]. These data rule out anthropogenic contamination
for this area.

This comportment is parallel for both years, with the difference that the red zone wors-
ens for 2020 (Figure 3). Water in this region is not suitable for any of the activities mentioned
above. Ortiz-Letechipia et al. [29], reaffirms this, according to the water quality index.

Considering the concept of total arsenic and the spatial and temporal distribution
observed in this work, very few investigations report this [30,64]. It was found that the
most abundant species in this area is the pentavalent (Figure 4).

Assuming that water is consumed directly and indirectly through food, a less aggres-
sive effect on human health would be expected, since As III is more toxic. However, it can
sometimes be metabolized in the liver to become its trivalent species [19,22,41,65–68]. The
distribution of concentration of As (V) presents a red zone that exceeds the limits at the
west of Calera aquifer. Therefore, it is important to constantly monitor and analyze the
behavior of this element in groundwater.
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For species of As (III), hydrogeochemical modeling shows very low concentrations. It
can be observed that in the northern part, the presence of this is slightly higher than the
rest of the zone. It is also observed that in 2020 the amount of As (III) decreased compared
to 2015, which may indicate that As (V) increased in five years (Figure 5).
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It is extremely important to study speciation of arsenic in groundwater to apply the
best possible remediation method. All existing methods have advantages and disadvan-
tages; some of them only remove pentavalent species or trivalent species, so sometimes it is
necessary to use some oxidizing or reducing substance that increases its cost. Choosing the
appropriate method requires prior analysis and recurrent monitoring of the area in order to
carry out successful remediation [28,69–72]. It is also relevant to know the speciation of ar-
senic because groundwater is also used for other activities such as irrigation in agriculture,
where arsenic can reach plants and food, and we consume increasing risk of exposure.
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The challenge of having identified the arsenic speciation present in the groundwater
allowed planning the ideal type of remediation for this area. The use of a biosorbent
material is being considered and is still under investigation. This is to improve the quality
of the water, thereby helping the drinking water operator to deliver it, with arsenic content
below the Mexican standard.

In the space–time comparison of arsenic speciation, it is found that in 2015, an As
III plume was identified in the north of the study area; however, by 2020, it disappeared
(Figures 4 and 5). This is probably due to evolution from As III to As V due to the mixture
of flows resulting from the extraction of water [8,29,73]. This change can also be attributed
to mobilization/retention processes, dissolution, bacteria-mediated electrochemical evolu-
tion, geology, and ion exchange [33,46,74,75]. The occurrence of this phenomenon favors
remediation methods that have an affinity for As V [45,76].

3.2. Hydrogeochemical Modeling

Hydrogeochemical modeling shows that the species of As (V) is the one that occurs
mostly for the analyzed samples, while that of As (III) is found in very small quantities
in both years (Figure 5). In 2015, average total As concentration was 19.95 µg/L, As
(V) 19.92 µg/L, and As (III) 0.0271 µg/L. In 2020, average total As concentration was
20.29 µg/L, As (V) 20.28 µg/L, and As (III) 0.0108 µg/L (Figure 6). A space–time increase
of 0.34 µg/L in total arsenic was observed in 2020; this may be because water is being
extracted at greater depths.
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This outcome is similar to other research located in the central–northern part of
Mexico, in the Rio Verde basin, Mexico [46], but it differs from the research carried out in
Rayong province, eastern Thailand Satika in coastal alluvial aquifers where As (III) was
the most abundant species [1]. This research shows that the mapping and speciation of
the type of arsenic is important, as even if you have the same type of aquifer, the arsenic
found may be different. This occurs due to various factors such as climate, precipitation,
mobilization, groundwater extraction, and other anthropogenic activities. In addition,
the specific application of the type of remediation is important, not only as an already
established theoretical concept [11,49].
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3.3. Statistical Analysis

Associated with the presence of high elevated As, concentrations of fluorine have
been found. Calera and Benito Juárez aquifers present this behavior in the northwest
and south with values of 1.49–1.75 mg/L above the Mexican and WHO standards for
water for human consumption, while the Chupaderos aquifer presented low concentrations
(0.46–0.98 mg/L), complying with the Mexican standard. For 2020, it is observed that the
high concentrations of fluoride increased in the northwest for 2015, and similar results were
shown for arsenic (Figure 7). This demonstrates the contribution of this research, that with
a space–time analysis of the elements, the application of specific remediations is improved,
thereby achieving significant savings of money and human resources for decision-makers
on the use of groundwater. There are only a few studies that analyze this behavior, as well
as the toxicity of fluoride with arsenic, two elements that have potentially harmful effects
on public health [29,77].
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Some investigations have shown the relationship between arsenic and fluorine, using
techniques such as linear regression, main components, or the regression coefficient [78].
With total arsenic, an innovative model called BiDASys was used to demonstrate this
possible correlation, which allows a more detailed analysis of the relationships between
variables. A contribution of this research is that it performs the correlation between the
speciation of the arsenic found and the fluorine through the BiDASys model (Figure 8),
applied in very few investigations.

It is observed that the derivative is very similar for the two periods studied, reporting
an increase of seven units of fluorine per unit increase of arsenic in the water. However, if
we consider the Pearson correlation coefficient, which was 0.3241 for 2015 and 0.3186 for
2020, there is a very low relationship as this coefficient should be between 1 and 0.7 for a
good correlation [79].

This correlation indicates that, as in other previously reported studies [5,80–83] regard-
ing the co-occurrence of arsenic with fluorine, it is relevant to understand the contamination
of both elements as well as to predict the possible health effects that these elements cause
with drinking water. These results are similar to the reported by Navarro et al. in 2017 [38].
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The model found is shown in Equation (5) for 2015 and Equation (6) for 2020:

y = 7.072x + 1.071 (5)

y = 6.933x + 1.126 (6)

The origin of both elements comes from the dissolution of original rocks and contami-
nants retained in secondary minerals. Among them, iron oxides and clays, which, together
with organic matter, have a large number of adsorption sites on their surface, strongly
attracting arsenic and fluorine [77,84]. The processes mentioned above are also accelerated
by the exploitation of aquifers as well as geothermal and mining activities [5].

3.4. Applications of This Work

Arsenic speciation allows us to know the behavior and mobilization of this element in
groundwater for different purposes, for example, to find an adequate remediation method
that helps to improve the quality of life of the population, providing safe drinking water.
In addition, it helps us to identify critical zones that contain high limits of this element,
to observe which are the safest aquifers that provide good quality water and avoid the
extraction of those that can pose a risk to public health, and to control this problem in the
design of wells, by tracing the stratum where the arsenic is located and placing a blind tube
instead of grooved.

Determining that the most frequent arsenic species in water was As (V) type (a species
less toxic to the organism than the trivalent one) provides relevant information to apply
the best available remediation method, or to develop one that best suits it. Carrying out a
study such as this allows proper planning of a remediation program. This contributes to
saving economic resources, as well as time lost when implementing a remediation method
that is not suitable for the study area. It also enables to know the critical areas where it is
necessary to implement the appropriate technologies for the elimination of contaminants.
For the industry (mainly agricultural that prevails in this area), it is very helpful to know
the quality of the water that is extracted and the possible ways to improve it, as it influences
the growth of the crops and the quality of the product that is produced. We are always
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looking for clean foods safe for humans. For this species, it has been reported that either
organic or inorganic adsorbents are efficient in reducing high concentrations of arsenic, in
addition to being low in cost and safe to improve groundwater quality.

This study also demonstrates that the use of the concept of administrative aquifers
in Mexico must change: the entire study region must be taken into account because the
established limits are subjective. The analysis of the mobility of arsenic allows us to observe
this phenomenon in which this element changes over time due to various factors (climate,
soil, anthropogenic activities, chemical balance, microorganisms, plants, etc.). Analysis also
allows us to estimate the state of the water quality of the alluvial aquifers which supply the
metropolitan area of the state.

4. Conclusions

The behavior of total arsenic varied in a range from 0.10 to 250.95 µg/L. From 2015 to
2020, an increase of 0.34 µg/L can be observed; this contamination has a geogenic origin.
These data exceed the Mexican standard for domestic use. Most of the monitored wells are
below this parameter; only one plume was identified in the southwest of the study region.

Arsenic speciation allows us to know the behavior and mobilization of this element in
groundwater, to find an adequate remediation method that helps to improve the quality of
life of the population, providing safe drinking water.

The predominant arsenic species found with hydrogeochemical modeling in the study
area was As (V) in 2015 and 2020 (19.92 and 20.29 µg/L), indicating oxidating conditions in
the media.

In this investigation, using the linear regression model of least-squares weighted by
uncertainty (UWLR) in Bivariate Data Analysis System software, the Pearson coefficients
were determined to identify the ranges of the possible relationship. The values found were
0.3241 and 0.3186 for 2015 and 2020, respectively, indicating that high arsenic concentra-
tions showed a low correlation with fluoride in both years. The co-occurrence of arsenic
and fluorine is graphically observed in the study area, presenting high concentrations in
similar regions.

Future research should be focused on the application and creation of safe, reliable,
effective, sustainable, economical, and simple remediation methods. These procedures
for the control of arsenic must be applied before water enters the network of conduction
and distribution to houses of the inhabitants, in addition to continuous monitoring of the
evolution of arsenic, to observe its behavior and mobilization, to carry out the necessary
remediations and thereby avoid a harmful effect on the population.
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