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Abstract
Chronic exposure from drinking water with naturally high concentrations of �uoride (F ) has serious health consequences in several regions across the world
including north-central Mexico as Guanajuato State, where the rural population is particularly dependent on untreated groundwater pumped from wells that
have natural F- concentrations higher than those allowed by national and international regulations. The contaminated aquifers in the area are usually located
in fractured volcanic environment that interacts with sedimentary basins and have a carbonate basement. Few studies focused on identifying the origin and
hydrogeochemical processes related to �uoride release and mobilization have been developed, and even fewer that quantify the natural content of F in the
geological environment. In this study, an evaluation of �uoride in volcanic rocks collected from 11 sampling sites along the Sierra de Codornices (Guanajuato
State, Central Mexico) was carried out. The �uoride content is disseminated in volcanic rocks and the highest contents were obtained in felsic rocks.
According to results obtained of a sampling campaign of 32 wells in 2019 their statistical and hydrogeochemical evaluation suggest that F- mobilization in
groundwater from Juventino Rosas and Villagran municipalities, is a product of volcanic glass dissolution, a process involved in alkaline desorption occurring
on the surfaces of F-containing minerals, and possibly on ion exchange occurring in minerals and some clays or even in deep �uids enriched in F. All these
processes may be accelerated by the geothermal characteristics of the groundwater in the study area. The hydrogeochemical results and the epidemiological
survey conducted indicate that children and older adults of Praderas de la Venta are at risk of exposure to F- due to the high concentrations ingested over a
long period of time, to the toxicity of the element and its ability to accumulate in the bones. Prolonged exposure to high concentrations increases the risk.

Introduction
Worldwide, the presence of �uoride (F−) in high concentrations in groundwater is a serious epidemiological problem related to their exposure and intake
(Armienta et al., 2008). Several countries in Europe, Africa, and Asia have reported critical health situations at the population level (Smedley and Kinninburg,
2002, Jiménez-Zabala et al., 2017; Onipe et al., 2020). The main intake of F− for humans is through food and beverage (ATSDR, 2016), ingestion of F− by
consumption of contaminated water is a recurrent mode of exposure in some populations in the country (Jiménez-Zabala et al., 2017). Other routes of
exposure are accidental ingestion of �uorideenriched soils and the use of chemicals, which enter the body by direct ingestion or inhalation (ATSDR, 2016).
Ingestion of F− causes dental �uorosis and, in some severe cases, skeletal �uorosis. A correlation has also been observed between �uoride concentration and
low IQ and lung cancer in people working in F-related industries (Rocha-Amador et al., 2007; Liu and Qian, 2008; Tang, 2008; Li, 2003; Chiba et al.; 2002;
Strunecká and Patočka, 2002).

The presence of F− in natural water is related to the abundance, solubility and reaction kinetics of minerals and rocks inaquifers, where temperature affects its
release (Selinus 2005; Armienta et al., 2008; Onipe et al., 2020). Elevated �uoride content in groundwater is commonly found in regions with preferentially
felsic volcanic history (silicic granites), in sedimentary basins located in arid areas or in geothermal environments (Abu Rukah and Alsokhny, 2004; De Rita et
al., 2011; Edmund and Smedley 2013). Fluoride is released to the medium naturally in a manner like dehydroxylation (although the release is not
stoichiometric) (Zhang et al., 2003; Zhang et al., 2013; Nicolli, 2012; Barranquero et al., 2017), product of weathering and dissolution of minerals, although its
presence can also increase product of volcanic emissions or marine aerosols. Factors controlling the concentration of �uoride in groundwater are geology,
depth, salinity, temperature, pH, porosity, and water-rock interaction time (Gi-Tak et al., 2006; Chae et al., 2007; Nicolli, 2012; Savoie, 2013). The solubility of F−

is low in aqueous solutions due to a high electronegativity that predisposes its combination with other elements present in the water, it also has a high
ionization energy (Johannesson and Tang, 2009). The mobility of F− increases under high temperature conditions, this volatile element is found in
hydrothermal solutions along with boron and in smaller proportion with chlorine, the dissolution reaction time of the minerals present in the aquifers, mainly of
igneous origin, controls the concentration of �uoride in the water (Sung, 2011), although evaporite deposits in arid conditions can be an important source, high
concentration of �uorides can occur in groundwater that have had a longer residence time, probably as a result of diagenetic processes. The concentration of
F− ranges in groundwater between 1 and 25 mg/L although in some cases it is higher (Clark, 2015). Fluoride concentrations in water in arid climatic conditions
are high, due to slow in�ltration �ow while in humid tropical environments are usually low due to high rainfall and groundwater dilution effects (Edmunds and
Smedley, 2013). Surface waters typically have low F− concentrations, it has been observed that the usual ranges of F− are between 0. 01 - 0.3 (mg/L), similarly
to recently in�ltrated water and rainwater, an exception occurs in areas with volcanic activity where shallow waters are affected by hydrothermal �uids (Guo et
al., 2007; Deng et al., 2011; Morales-Arredondo et al., 2020a; Moran-Ramírez et a., 2020).

Groundwaters with high �uoride values, have a predominant composition of Na and HCO3
− and low Ca2+ concentration and pH values between 7 and 9,

mainly where cation exchange between Ca-Na has occurred, calcic aquifers have low F− concentrations (Guo et al., 2007), high F− concentrations and alkaline
pH correspond to a silica increase (Savoie, 2013; Onipe et al., 2020). Speciation strongly depends on pH, in acidic conditions it can form complexes with H+
and Al3+, at pH 3.5 the dominant species is HF°. F− is the dominant form in natural waters, besides, it can form complexes with major cations such as Ca, Na
and Mg (Deng et al., 2011) and minor species as B, Be, V, U, Fe3+ and Si that can enhance �uoride mobilization if they are present in solution in signi�cant
amount. Mineral dissolution, ion exchange in micas and clay alteration are the main causes of F− enrichment in groundwater.

In various regions of the America water for human consumption has high concentrations of F−. Countries such as Argentina, Canada, Chile, Cuba, El Salvador,
United States, Mexico, Nicaragua, among others, have reported �uoride contamination in drinking water (Armienta et al., 2008, Armienta et al., 2010), which is
linked to the geological and tectonic characteristics of each site, particularly in Central America, a place with signi�cant tectonic and volcanic activity. In
Mexico, the existence of this contaminant has been widely reported. Some examples of F− contamination have been seen in Zimapán Hidalgo, Durango,
Coahuila, San Luis Potosí, Guanajuato, among others. Groundwater contamination is one of the main problems in the water supply policies faced by Mexico
and the world, since it is a determining factor that is linked to public health. In Juventino Rosas (JR), it has been observed that the presence of F− in the aquifer
that supplies the the municipality represents a risk to the health of the population (Morales-Arredondo et al., 2018a, 2018b, 2020). This problem has led us to
carry out this study including the characterization of the water extracted from different wells, in addition to determining sources and routes of F− exposure.
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Ann exhaustive study must be carried out to determine the physical, chemical and geological factors that govern the aquifer, such as the type of rocks through
which the water �ows, porosity, pH, temperature and depth, the redox (Eh) conditions and the solubility characteristics of some minerals present at the site, as
well as the oxidation-reduction processes occurring in that environment, and high F-containing minerals that can lead to high groundwater �uoride
concentrations (Edmunds and Smedley, 2013; Armienta et al., 2010).

The objective of this work was to quantify the F content in different volcanic rocks present in the study area, identify how F is distributed in the aquifer
minerals, de�ne the processes that cause the release of F− in groundwater and estimate the risk of exposure of the population living in the region. This work
shows that after the emission of volcanic material there is an accumulation of �uorine in the glassy matrix of various volcanic rocks in the area and that, due
to devitri�cation processes and the presence of geothermal areas, the release of F− into groundwater increases. In addition, in the study region there is
evidence that this element has been present for at least 10 years in the drinking water of several communities, which represents a risk to the population.

Background

Location and social context of the municipalities of Juventino Rosas and Villagrán,
Guanajuato
The municipalities of Villagrán (Vill) and Santa Cruz de Juventino Rosas (JR) are located in the Transmontane Volcanic Belt; to the north, the Sierra de
Guanajuato limits the valley, to the south the Lerma River limits the area, both municipalities belong to the western portion of the Celaya Valley Aquifer (AVC),
in the southern area of the State of Guanajuato (Figure 1). Livestock and agriculture are the basis of the regional economy, both activities intensively extract
groundwater as agriculture-livestock occupies between 75%, domestic use occupies between 22% and industry occupies up to 3%, this is the only source of
water for human consumption in the region (INEGI 2017). According to reports from the Institute of Ecology of the State of Guanajuato (IEEG 2008) in the area
agricultural activity has increased up to three times in the last 48 years, this situation has caused an imbalance between abstraction-recharge of groundwater,
which translates into a severe problem of excessive extraction (Rodríguez and Rodríguez-Velázquez, 2006; Rodríguez et al., 2015), the average descent of the
water table varies between 1 and 2 m per year throughout the region. The Lerma River is the main surface water body, however, since it receives untreated
urban and industrial wastewater, the main source of drinking water supply is groundwater (Schoeder, 2010).

According to the CONEVAL report (2018a and b), in both municipalities there are more than 120 thousand inhabitants, approximately 51% are women; about
half of the population presents a degree of vulnerability due to social deprivation and about 40% of the population presents a degree of poverty, this situation
causes the population to work from the age of 12 (more than 40%). The average level of schooling of the population is approximately seven years and
households are made up of approximately four people. 15% of the population lives in houses with poor quality materials and in small spaces, between 18 and
35% of the population in Vill and JR respectively do not have basic services in their homes (between 6.5 and 8.2% of both municipalities do not have piped
water and 4.5% and 14.3% of homes do not have drainage respectively), in the entire area there are only three wastewater treatment plants located in JR
(INEGI, 2017).

Figure 1

Geological and hydrogeological context of the municipalities of Juventino Rosas and Villagrán, Guanajuato.

The study area belongs to the hydrogeological province of the Celaya Valley Aquifer (Fig. 1). The basement is composed of limestones, limestones with low-
grade metamorphism, sandstones, shales and schists (Kss) (Paleozoic-Mesozoic) (Cerca-Martínez et al., 2000; Morales-Arredondo et al., 2018a; Juárez-
Aparicio, 2019), these units’ outcrop in the locality of Rincón de Centeno. To the north, the Sierra de Guanajuato, composed mainly of rhyolitic-ignimbritic rocks
(Tom and Tvr), which originate from early Oligocene to late Mesozoic felsic-calcoalkaline volcanic emissions (Dahlkamp, 2010; Christiansen, 1986; Aranda-
Gómez 1998), and Pliocene-Pleistocene basaltic rocks and andesites (Tmb and Tmo, e.g., La Ordeña andesite) (Cerca-Martínez et al. 2000; Nieto Samaniego et
al., 2012) limit the study area. To the south, there are monogenetic volcanoes extending into the Michoacán-Guanajuato Field (composed of basaltic rocks),
and this region is also part of the Trans-Mexican Volcanic Belt. Ignimbrites (Tom) cover much of the study area, and the basaltic plateau (Tmb) and andesitic
rocks are the youngest geologic units (Nieto Samaniego et al., 2012; del Río-Varela et al., 2020).

Juventino Rosas groundwater is in�uenced by a geologic setting containing volcanic rocks of both acidic and basic composition and by a sedimentary basin
�lled with sediments of lacustrine-alluvial (Qal) origin (Morales-Arredondo et al., 2018a). The sedimentary deposits consist of conglomerates, clays,
sandstones and gravels. Finally, the structural fractures present in this area have a mainly NW-SE, and NE-SW orientation (Fig. 1) (Nieto-Samaniego et al.,
2012; Morales et al., 2018b; del Río-Varela et al., 2020).

The hydrogeological framework of the area is mainly composed of two aquifer units from which water is pumped. The water receives no treatment after
extraction and is distributed directly to households through urban wells, which are controlled by a Municipal Water Board and a Municipal Water Commission
of Vill and JR respectively (CMAPAJ, JUMAPAV). The �rst aquifer is hosted in granular material (irregular alternation of grain size from very �ne to coarse)
interspersed with fractured basalts, this is located at a depth between 50 and 150 m, it is not con�ned, its average temperature is 24°C, an important number
of wells excessively extract water from this aquifer with an average �ow of 40 L/s. the formation of faults and fractures in the area is related to these
processes. This context has led to the closure of wells and the need to drill deeper (up to 350 m) to extract water (Schoeder, 2010). The second aquifer is
hosted in fractured volcanic rocks, has a depth of 200 and 350 m, the deep water has geothermal characteristics of low temperature and high concentration of
�uoride (F−) and in some cases along with arsenic (As) as established by the Mexican Drinking Water Standard (NOM-127), its temperature ranges between 29
and 50°C. This aquifer has become the most exploited unit in recent years (with an average �ow of 45 L/s), due to the depletion of the super�cial one, a
situation that could be related to its poor quality for human consumption (Morales-Arredondo et al., 2018a and b).
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Methodology
Rock sampling, chemical and mineralogical analysis.

To characterize the rock samples, a mineralogical evaluation was performed at the Laboratorio de Difracción de Rayos X of the Institute of Geology,
Universidad Nacional Autónoma de México (UNAM), using X-ray diffraction (XRD) with an EMPYREAN diffractometer equipped with a nickel (Ni) �lter, �ne
focus copper tube, and PIXcel3D detector, the diffractograms were obtained in the 2-θ angular interval from 5° to 70° using a “step scan” with a 0.003° (2-θ)
step and an integration time of 40 seconds per step for limestone rocks, and at the National Laboratory of Geochemistry and Mineralogy with a diffractometer
TERRA, Olympus for volcanic rocks; a minimum of 2g of sample previously pulverized and sieved through a 100 mesh sieve, i.e. to a particle size ≤ 149 µm,
was required for the analysis. The signals emitted by a cobalt radiation source on the �ne powder were diffracted after an angular interval of 5° to 55°, with a
minimum scanning of 50 exposures, the mineralogy showed in the diffractograms was identi�ed with the help of X Powder Ver. 2010.01.35 PRO software with
a PDF2 database.

Mineralogical analysis was carried out, wherein rock samples were examined with an optical microscope. In addition, a petrographic study was performed to
identify the dominant minerals and their textural phases as well as their relationships. The following equipment was used for these latter analyses: a polarized
optical microscope with transmitted and re�ected light (Carl Zeiss, Axiolab Pol) �tted with an image analysis system (KS300), a stereomicroscope (Zeiss
475022), and a petrographic microscope (Leica, MD LP). During the evaluation with the optical microscope, both transmitted and re�ected light were used to
identify opaque and translucent minerals. Mineralogical analysis was also performed through optical microscopy and scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDS) using a JEOL microprobe at the Laboratorio de Petrología, UNAM. Elemental compositional mapping was
obtained with energy-dispersive X-ray spectroscopy (EDS) analyses.

Quanti�cation of �uorine content in rocks through alkaline fusion.

The F content in volcanic rocks from the southeastern Sierra de Guanajuato was determined based on the alkaline fusion method proposed by Shimizu et al.
2006. The method was modi�ed to quantify the �uorine content in 11 volcanic rocks of different classi�cations, using a selective electrode after extraction by
alkaline fusion. The powdered sample was mixed with sodium carbonate and potassium carbonate in a mass ratio of 5:11:14, placed in a platinum crucible
and melted in an electric furnace at 1100 ˚C for 25 minutes. The crucible was removed from the mu�e and placed on ice to lower the temperature and solidify
the molten mixture.

Inside a vial, a few drops of 10% hydrochloric acid were poured over the walls to loosen the paste formed inside and with the help of a spatula, pressure was
exerted to break the paste into small pieces so that it could be transferred to a centrifuge tube. The crucible was rinsed with deionized water to remove as
much residue as possible from the tube. Each set of fragments previously obtained by alkaline fusion was poured into a beaker, 50% hydrochloric acid was
added to dissolve the carbonates and also bring the mixture to a neutral pH. When a neutral pH was obtained (measured with an Expandable ion Analyzer EA
940 multiparameter), the contents of the beaker were transferred to a 25 mL volumetric �ask with distilled water. Subsequently, the solid was precipitated, the
mixture was centrifuged for 5 minutes and the supernatant liquid was deposited in the original beaker, the liquid was agitated with a magnetic bar and the pH
of the liquid was measured in all the samples during this process, resulting alkaline, for which it was neutralized again with 10% hydrochloric acid (taking it to
a capacity of 30 mL).

To measure F concentrations, a potentiometer with selective electrode was used, once the neutral value was reached, implementing the Thermo Scienti�c
Orion 5 Star selective electrode technique, established in the Analytical Chemistry Laboratory of the Geophysics Laboratory of the UNAM, using standard
additions. A TISAB solution was added to the standards and samples to adjust the ionic strength and avoid the formation of complexes (Table 1 and 2). The
"Thermo scienti�c Orion 5 star" has a �uoride ion selective electrode with a working range from 0.1 to 10 mg/L, some samples had thus to be diluted by a
factor of (5:1 and 10:1) and others were analyzed directly to fall within this range. We also report �uoride contents in two reference materials, including granite
(G2), and andesite (AGV-1), peridotite (PCC-1). The �uoride contents in the reference materials in this study were consistent with previously reported values.
The results obtained by subjecting the PCC-1 and G2 standards to the same alkaline selective electrode melting methodology re�ect a recovery percentage of
75 and 82% respectively according to the concentrations reported by Flanagan 1976 and Jochun et al., 2015 for both standards.
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Table 1
Mineralogical composition of the volcanic rocks sampled and analyzed by XRD, and average concentration of �uorine and arsen

    X-Ray Diffraction (%)

Sample Rock
type

Quartz Cristobalite Tridimite Feldspar
Na-Ca

Sanidine Andesine Plagioclase
albite

Monoalbite Alunite kaolinite Kaolini
montm

JR-01 Dacite 3 0 14.3 0 17.8 43.7 0 0 0 0 0

JR-02 Dacite 8.9 0 9.9 0 19.4 42.8 0 0 0 0 0

JR-03 Basalt-
Andesite

2.8 0 0 0 18.3 78.4 0 0 0 0 0

JR04 Andesite 2.5 0 0 0 23.6 73.9 0 0 0 0 0

JR-06 Quartz-
alunite

4.5 0 25.9 0 0 0 0 0 35 0 13.8

JR-07 Rhyolite 4.1 4.3 13.4 33.3 0 0 0 13 0 9.6 0

JR-08 Basalt 1.1 4.5 1.3 0 0 41.4 0 0 0 0 22.2

JR-09 Rhyolite 17.6 4.7 3.9 0 16.4 0 27.2 0 0 0 12.9

JR-10 Basalt-
Andesite

2.1 0 0 0 15.3 60.7 0 0 0 0 0

JR-11 Basalt-
Andesite

1.1 0 0 0 6.7 61.5 0 0 0 0 0

Table 2
Summary of physicochemical and isotopic results of groundwater samples from the stu

Well 2019 T
(°C)

C.E.
(µS/cm)
2019

pH depth
(m)

Eh
(V)

Na
(mg/L)

Mg
(mg/L)

Ca
(mg/L)

  K
(mg/L)

Cl
(mg/l)

SO4
(mg/l)

HCO3
(mg/l)

NO3
(mg/L)

B
(mg/L)

minimum 23.40 427.00 6.67 100.00 0.14 22.51 1.38 4.57   2.64 2.46 7.36 213.00 0.56 0.10

maximum 51.28 1313.00 8.19 520.00 0.33 155.00 74.74 124.02   26.25 100.00 211.54 454.67 227.59 1.62

std desv 7.90 215.01 0.37 85.93 0.04 33.49 14.12 25.45   6.31 22.32 47.32 62.05 45.08 0.35

number
samples

29 29 29 29 29 29 29 29   29 29 29 29 29 29

average 33.32 743.76 7.53 283.96 0.19 92.14 11.63 33.50   11.66 21.70 50.25 296.78 24.31 0.35

Total arsenic contents in volcanic and limestone rocks were quanti�ed with hydride generation atomic absorption spectroscopy after acid digestion of the rock
samples with a Perkin Elmer AAnalyst200 and FIAS 100 at the Laboratorio de Química Analítica of the Geophysics Institute, UNAM.

Water Sampling And Chemical Analysis
A groundwater sampling campaign was conducted in the municipalities of Villagrán (Vill) and Juventino Rosas (JR), Guanajuato in 2019 (32 wells in the dry
season [April]), following the standard methods of APHA-AWWA (2005) and Mexican standards (NOM-127-SSA1 and NOM-230-SSA1). Urban and agricultural
wells were included in the sampling. Temperature, pH and electrical conductivity were measured in the �eld. The equipment was calibrated to the water
temperature at each site, and a PC18 conductivity meter, a HI model pH/EC/TDS/Temp meter and a Hanna model HI 9829 multiparameter equipment were
used.

Chemical analyses of anions and cations were performed at the Analytical Chemistry Laboratory of the Institute of Geophysics, UNAM, Mexico. This
laboratory participates in international calibration exercises (Verma et al. 2012, 2015; Stewart et al. 2020). Major ions were analyzed following standard
methods (APHA-AWWA 2005). Bicarbonate was determined by volumetry (titration with HCl) (VC = 6%), and Ca2+ and Mg2+ were determined by volumetry
(tritiation with EDTA) (VC = 1%); Cl− was determined by potentiometry with selective electrodes (VC = 1%) (4500-Cl−) (APHA-AWWA 2005); Na+ and K+ were
determined by atomic emission spectrophotometry (VC = 1 and 0. 7%, respectively) (3500-Na+ and K+; APHA-AWWA 2005); and SO4

2− was determined by

turbidimetry (VC = 1%) (method 4500-SO4
2−). To evaluate the behavior of F− over several years, several monitoring campaigns were conducted in different

urban and agricultural wells in both municipalities. Analytical determinations were performed at the Analytical Chemistry Laboratory of the Institute of
Geophysics (UNAM) following APHA-AWWA (2005) analytical procedure standards. A Thermo Scienti�c Orion 5 Star potentiometer with selective electrode
was used to measure F− concentrations.
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Statistical evaluation of rock and groundwater results.

Hierarchical Clustering
Hierarchical clustering (HC) is a statistical approach aimed at deriving a cluster hierarchy from a data matrix. Most clustering techniques use speci�c metrics
that quantify the distance among pairs of elements and a linking criterion that speci�es the dissimilarity of two sets of elements (clusters) as a function of the
similarity (measured with an appropriate geometric distance) among elements in the two sets. The choice of an appropriate metric in�uences the shape of the
clusters since some elements can be closer by using one distance and more distant by using another. Among the most common metrics, the Weighted pair-
group centroid (median) implemented with 1-Pearson r rule has been used to derive classi�cation trees (dendrograms) from a data matrix composed of 15
(standardized) indicators of the mineralogy that compounds 10 volcanic rocks and their As and F content in each rock. Weighted pair group method with
centroid considers the similarity between two clusters equals their similarities as composite objects but determining their composite composition using only
the last two objects (samples or clusters) to be joined in each cluster. Pearson’s R correlation is a coe�cient commonly used in linear regression. Correlation
coe�cient are used to �nd how strong a relationship is between data. Dendrograms were used to graphically assess similarity (or divergence) in the spatial
distribution of a) the mineralogy and their linked with As and F content and b) the physical-chemical values, As, F− contents and isotope stable (18O, 2H, 13C)
in groundwater. Analysis’ variables were standardized prior to clustering. Indicators assuming a similar spatial pattern clustered together in the same
dendrogram branch.

Two-way joining
An overall analysis was also carried out by calculating the percentage of signi�cant correlations in total comparisons by (i) rock type (n = 10); (ii) mineralogy
percentage (n = 10). A two-joining clustering run on a data matrix constituted of pair-wise Spearman rank coe�cients between building activity and contextual
indicators was �nally adopted with the aim of summarizing results of the correlation analysis. Two-way joining is a multivariate technique analyzing two-
dimensional data matrices under the assumption that both cases (rock type) and variables (mineralogy percentage) contribute to the uncovering of
meaningful latent patterns. Two-way clustering produces a graph ordering cases and variables based on similarity patterns. This graph illustrates the
distribution of standardized scores (with zero-average) for each case and variable using different colors. Identi�cation of similar (positive or negative) scores
for a group of variables and cases allows de�nition of speci�c clusters.

Exposure Risk Estimation.

Additionally, a survey was conducted among adolescents and adults to learn about water management in the region, the survey considered a non-probabilistic
method with random routes and simple sampling where all individuals in the target population have the same probability of participation, respondents
participated voluntarily in the study with consent, their information is con�dential and in any case people could decline to participate in the study and the
information provided here has no other purpose than observational research. The information obtained was used to determine the risk parameters related to
the intake of poor-quality water and to calculate the estimate of �uoride exposure by age range in the population. Previously, an interview was conducted in
2013 where participants were asked about age, sex, use and management of water at home, and perception of water temperature, the results were reported by
Morales et al. (2018a and b); as some doubts remained related to consumption levels according to the different age ranges, a survey was conducted in 2017
where questions were included to know the frequency of consumption, in addition to the individual weight of each respondent and the length of residence
where they live.

With the information obtained, estimated exposure to �uoride EFE was evaluated in people living in the municipal capital of Villagrán and the town of Pradera
de la Venta (Table 1, Fig. 1, and 2), using the USEPA (1992, 2010) methodology (Equation 1), where F− concentrations were obtained during all monitoring
campaigns. In addition, a survey of consumption patterns was conducted to know the daily intake by age (CH2O) (L), body weight (Wind) (kg), residence time
(a), and household water use. This estimate was evaluated in some rural communities (Table 1, Fig. 1). For individuals surveyed in JR, standard values of
population body mass and water consumption by age ranges were taken (Environment Canada 1993; Ortíz et al. 1998), while for Vill in the consumption
patterns survey, body mass per person was measured and water consumption by age was asked, using the following equation for the calculations:

EFE = ([F−]*CH2O)/Wind (Eq. 1)

EFE= Estimated �uoride exposure (mg / kg / day).

[F−]= �uoride concentration in water (mg/L).

CH2O= water consumption by age (L/day).

Wind= body mass by age per individual (kg).

The calculations considered that throughout the area the only source of drinking (and F-) water supply is from deep wells. Other routes of exposure, such as
consumption of �uoridated salt, food supplements and toothpaste, were not considered, although they could be a factor to be considered later in more in-
depth studies.

Results And Discussion

Mineralogical and geochemical characteristics of volcanic rocks from the study area
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In general, the mineralogy of the volcanic rocks obtained by DR-X shows quartz, tridymite, sanidine, andesine, cristobalite, kaolinite-montmorillonite (mainly in
the dacites and rhyolites), and in some cases andesine and labradorite (in the andesites) or esseneite (in the basalt) (Table 1), in most of the samples there is
the presence of amorphous material that is suggested to be volcanic glass (Figure 3, Table 1).

Table 1

This information allows inferring possible mineralogical associations and F− content, since can regularly substitute OH− in late-forming minerals in igneous
rocks which facilitates its presence in various minerals formed during magmatic differentiation in late stages of magma crystallization and residual steam
occurring in alkaline rocks such as siliceous granites, rhyolites or even in hydrothermal deposits, such as amphibole, biotite, mica, clay minerals and volcanic
glass (De Rita et al. ., 2011; Edmunds and Smedley, 2013; Chang, 1999; Chae et al, 2006). In sediments �uorine can be present by dissolution of evaporite salts
deposited in arid conditions, by biochemical reactions involving phosphorus removal. Flourine also occurs in ma�c, ultrama�c or ultrapotassic mantle rocks
(Edgar et al, 1996; De Rita et al., 2011), in limestones containing �uorapatite (Chae et al., 2006), in topaz or �uorite (Christiansen et al., 1986; Saxena and
Ahmed, 2001; De Rita et al., 2011),

Because rhyolitic rocks predominate throughout the region it is likely that the presence of F be linked to them; mineralogical evidence of felsic rocks show an
enrichment in quartz, potassium feldspar, sanidine, sodium plagioclase, biotite, and opaque minerals (Fig. 2). These rocks in other studies show anomalous
concentrations of F, S, As, and are associated with elements such as Hg, Mo, Zr, Be, contain some lithophile incompatible elements such as U, Be, Li, Rb, Cs Nb,
Ta W, Sn, and Th, in addition to rare earths (Dahlkamp, 2010; Christiansen 1986). The enrichment in these elements is the result of the fractional crystallization
of F-rich magmas, a product of the partial melting of granulitic rocks (Aguillón-Robles et al., 1994). In the case of the study area, it has been observed that
these rocks present layers of chalcedony, in some cases �lled vesicles (Nava and Serna, 1958), feldspar phenocrysts, albite, orthoclase, plagioclase as
oligoclase besides andesine and labradorite, quartz, microcrystalline quartz, biotite chalcedony and hornblende (Morales-Arredondo et al., 2018a and b).
Rhyolitic tuffs show devitri�cation and alunite-kaolinite type alteration in addition to silici�cation. In some samples, there are montmorillonites products of
hydrothermal alteration, in addition to sericites (Nava and Serna, 1958; Arellano et al., 1960; Aguillón-Robles et al., 1994; Christiansen et al., 1986).

Figure 2

Two-way Joining
This statistical method groups the information of variables and cases simultaneously, this bidirectional union allows to evaluate of signi�cant patterns of
conglomerates which share similarities. In this case the bidirectional union diagram allowed identifying and interpreting mineralogical similarities in different
rock types, this information con�rms felsic, intermediate and ma�c mineralogical associations (Fig. 3a, Table 1). The color intensity shows the percentage of
presence of each mineral in each rock, being the intense red color representative of a presence close to 62%, the yellow color represents 42%, while the green
color represents a value of 2%. The mineral with the highest presence in the different rocks is andesine, the minerals with a signi�cant presence in the different
types of rocks are sanidine, amorphous silicate tuff that is associated to the vitreous matrix and with a lower presence quartz. It is also visible that rocks JR-
06, JR-07, JR-08 and JR-09 are completely different from the other rocks (and even from each other), because of their mineralogical association. Rock JR-06
presents a higher presence of alunite, amorphous silicate tuff, tridymite, alteration minerals such as kaolinite-montmorillonite and a lower presence of quartz.
Rock JR-07 has a higher content of Na-Ca feldspar, amorphous silicate tuff, monoalbite, tridymite, quartz, and kaolinite. Rock JR-09 has a higher content of
quartz, albite-type plagioclase, sanidine, kaolinite-montmorillonite and amorphous silicate tuff. Rock JR-08 has a high content of andesine, amorphous silicate
tuff, kaolinite and in smaller proportion esseneite and cristobalite.

Hierarchical Clustering
Hierarchical clustering outlines similarities and divergences in the spatial pattern of mineralogy and As and F contents, evidencing a correlation between As
and F with Alunite and Tridimite (Figure 3b, Tabla 1). The farthest cluster (to the left) indicates a relationship between the minerals sanidine and andesine,
minerals commonly found in felsic rocks, then the next cluster marks a bifurcation between esseneite and the other component minerals of volcanic rocks, but
a closer relationship with Felspar Na-Ca, Monoalbite and Kaolinite these minerals are recurrent in intermediate rocks, but esseneite is common in ma�c rocks,
then there is a correlation between amorphous silicate tuff with two groups of minerals, on the one hand the one formed by quartz and plagioclase albite and
on the other hand the one composed by kaolinite-montmorillonite with cristobalite, �nally there is a cluster that indicates a correlation between tridymite with
As and F with Alunite.

Fluorine concentration in rock samples and SEM-EDS analysis.

Several studies in the area have reported that the origin of the elevated F− concentrations in groundwater is related to the interaction between the thermal
water and the volcanic rocks that constitute the aquifer (Morales-Arredondo et al, 2018a), in this work the �uoride content in the volcanic rocks of the study
area is quanti�ed (Lugo-Dorantes 2022) (Table 1); according to the results obtained, felsic rocks present the highest values of �uoride in their structure, being
alunite the one with the highest F concentration, up to 1462.40 (mg/kg).

In the case of samples analyzed by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS), it is observed that �uorine is
dispersed in volcanic rocks (in addition to some minerals such as hornblende, biotite and in the glassy matrix), mainly in volcanic tuff, this element is
associated with devitri�cation and silici�cation in ignimbrites (Fig. 3).

Figure 4
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Hydrogeochemical behavior of groundwater samples and its relationship on F- content.

To identify processes related to F− release in groundwater, a hydrogeochemical characterization and statistical evaluation was performed with
physicochemical information of groundwater sampled throughout the study area in 2019 (Table 2) and reported previously (Morales et al., 2020).

Table 2 shows the summary of chemical analysis results for 32 wells. The ionic balance for all water samples is less than <10%. Most of the groundwater in
the study area is bicarbonate (except samples CEN2) and neutral, with a mean pH value of 7.0 (Tables 1). The major cations, Na+, K+ and Ca2+ are generally

dominant; Mg2+ is of secondary importance (except samples CEN2). Of the major anions, HCO3
− is generally dominant; SO4

2− and Cl− are of secondary
importance (except samples CEN2) (Fig. 1).

Table 2

Hierarchical Clustering

Hierarchical clustering outlines similarities and divergences in the spatial pattern of physical-chemical parameters including As and F− contents, evidencing a
correlation between As and F− with depth, temperature and 13CVPDB (Figure 5). The farthest cluster (to the left) indicates a relationship between SiO2 and B
contents with pH, then the next cluster marks a bifurcation between pCO2 and Eh values with other physical-chemical and isotopic values, a closer relationship

between K+, Cl− and Na+ concentrations and E.C value is observed. Relation between stable isotopes (δ18O and δ2H) with SO4
2−, Ca2+, HCO3

− and Mg2+

contents is also shown in the dendrogram, �nally, the farthest (left) branch indicates a lack of relation between NO3
− contents and other physical-chemical

parameters.

The depth factor and the residence time of the water during migration, which are related to the reaction kinetics of the aquifer minerals, are important for F−

accumulation, i.e. in some cases, high F− concentrations in groundwater are the product of long residence time (where �ow rate is slow and where water-rock
interaction-reaction times are long), in these arid and semi-arid regions, a positive correlation of F− with pH and HCO3

− is observed (Selinus, 2005), since at

pH>8 F− is mobilized from the source (Smedley et al., 2002), one of the reasons being that during migration along �ow gradients a chemical response occurs
during transitions leading to ion exchange and increased F- content (Abu Rukah and Alsokhny, 2004; De Rita et al., 2011; Edmund and Smedley 2013).
However, these characteristics may vary in active volcanic areas, where surface and groundwater come to have hydrothermal inputs (Selinus, 2005).

Figure 5

The results of the comparative Na/Ca vs F− ratio show that different water wells present a common increase between Na+ and F− while Ca2+ decreases, in this
case, two hydrogeochemical processes could explain this behavior, the alteration of plagioclase silicates (andesite-oligoclase) and micas (biotite-hornblende)
present in felsic rocks (De Rita et al, 2011; Edmunds and Smedley 2013), and in some cases in ultrama�c ma�c rocks (Edgar et al., 1996), or the ion exchange
between Na+ or Ca2+ that occurs in clay minerals (Fig. 5b, c) such as illite, chlorite, smectite-type clays (Chang 1999; Chae et al., 2006; Glover et al. 2012;
Houssein et al. 2017), which contain F in their structure (De Rita et al., 2011)

Some arid and semi-arid regions with alkaline thermal manifestations located in �uvial systems dominated by hyperalkaline felsic rocks (which accumulated
F in melts and volatile fractions) and ash deposits have high F− contents in groundwater (Abu Rukah and Alsokhny, 2004; Edmunds and Smedley, 2013),
several of these features are coincident with the characteristics of the study area, as the aquifer evolves hydrogeochemically, the pH becomes more alkaline
(Fig. 5d).

The highest F− values were measured in water samples collected in the center of the basin (Fig. 1 and 3) corresponding to the Na-HCO3 water type, in a
geological environment sandwiched between lacustrine alluvial material (gravel-clay-sized granular) and fractured volcanic medium (Morales-Arredondo et al.,
2020a and b). Ion exchange and silicate alteration affect the increase in Na+ concentration as F− increases and Ca2+ decreases, towards the center of the
basin in deep wells, as a result of silicate hydrolysis reactions, which explains the water enriched in Na+ and HCO3

− and depleted in Ca2+ and Mg2+ that

together affect the increase in F− concentrations, even the devitri�cation of the matrix in the wells with thermal characteristics may be another factor affecting
the increase in F−, since both parameters increase together (Fig. 5a, b, c, d), in fact this process could be dominant, since the results obtained indicate that F is
disseminated in the volcanic glass and in some minerals of the volcanic rocks.

Another factor to consider is the mixing process that occurs between regional thermal waters that ascend through tectonic faults and interact with shallower
groundwater (Morán-Ramírez, 2020), which in�uences the solubility, and reaction kinetics of some F-bearing minerals (Hem, 1985; Selinus 2005). For example
Fluoride is mobilized to the environment through glass dissolution or devitri�cation processes (Johannesson and Tang, 2009; Savoie, 2013) because
dissolution is relatively fast in reactive glass (Barranquero et al., 2017), Another process that occurs is related to the alteration of volcanic glass that causes an
increase in pH (Appelo and Postma, 2005; Clark, 2015), and is involved in the alkaline desorption of some ions such as As and F− from mineral surfaces
(Smedley and Kinniburgh, 2002) and in the dissolution of minerals containing competing anions that promote the mobilization of �uorides through anion
exchange (Casentini et al., 2010; Xiao et al., 2017). This process is recurrent in clays (Yang et al., 2013). This behavior can be observed in the results obtained
in the hydrogeochemical analysis, since it is evident that the F− content increases as the temperature of the medium increases as occurs in some aquifers
where �uorite dissolution-precipitation is the hydrogeochemical control of F (with due exceptions) (Selinus, 2005).

Environmental risk related to elevated F- concentration in drinking water from 2010 to 2019.
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The results obtained since 2010 indicate that several wells present high F- contents (and in most cases in conjunction with high As contents) that exceed the
maximum allowable limit according to NOM-127-SSA-Modi�ed-2000 (F-=1.5 mg/L; As=0.025 mg/L) (Figure 6a) (Morales et al., 2015), in some wells the value
is up to three times higher than what is allowed by the national drinking water regulations. This situation represents a health risk for the population.

Survey on drinking water use in the study area.

A survey was conducted in 2013 to learn about consumption patterns in JR communities (317 surveys) (157 males, 160 females) (Morales-Arredondo et al.,
2018a and b), The groups were represented by children aged 1 to 10 years (74); adolescents aged 11 to 15 years (25); youth aged 16 to 25 years (65); adults
aged 26 to 50 years (111) and people older than 51 years (40). The population surveyed in Vill in 2017 was 184 people (94 females and 90 males). The
groups were represented by adolescents aged 11 to 15 years (52) and adults aged 26 to 50 years (132), all participants were asked their place of residence,
whether they drank tap water and whether they prepared food with tap water, older family members responded for the children surveyed. That survey indicated
that of the 317 people surveyed, children and teenagers (aged 0.5 to 19 years) are at risk of exposure to �uoride as the calculated EFE value exceeds the level
of 0.05 mg/kg/day, mainly in Cerro Gordo, Valencia, Guadalupe and Dulces Nombres, representing a potential risk of developing dental �uorosis, in the cases
of Cerro Gordo and Valencia, the calculated EFE value exceeds the level of 0. 12 mg/kg/day, mainly in children under 11 years of age, which means that this
population is at potential risk of developing developing dental �uorosis and in some cases skeletal �uorosis, which is consistent with what has been observed
in other studies reporting that children and the elderly are more vulnerable to developing dental �uorosis (Soto-Rojas et al, 2004; Betancourt-Lineares et
al.,2013). However, that survey did not have actual data on the body mass of the population, their daily water intake and their length of residence in that
community, so the results obtained from the EFE were calculated with standard values of body mass and water consumption by age ranges (Environment
Canada, 1993; Ortíz et al., 1998). Considering that the lack of information of body mass, daily intake, and time of living in the community could result on a
lower representativeness, a second survey was conducted in 2017 in the community Praderas de la Venta to know such information (Table 3), this community
was selected because the well that supplies drinking water has a F− concentration of 7.1 mg/L, another fact to consider is that a large part of the surveyed
population does not live in Praderas de la Venta, but in Villagrán, where the drinking water well has a maximum F− concentration of 0.71 mg/L.

Table 3
Summary of the survey of teenagers and adults in the community of Praderas de la Venta considering the age of the interviewees, their exposure time, the

amount of water they drink daily and their weight.

  Pradera de la Venta (teenagers) Villagrán (teenagers) Pradera de la Venta (adults)

  Age
(years)

Exposure
time (years)

L/day Weight
(kg)

Age
(years)

Exposure
time (years)

L/day Weight
(kg)

Age
(years)

Exposure
time (years)

L/day Weight
(kg)

average 12.8 8.7 1.9 50.0 12.9 12.9 1.7 47.1 35.2 14.9 1.7 75.9

minimum 11.0 1.0 0.5 29.0 11.0 11.0 0.5 32.0 17.0 1.0 0.5 45.0

maximum 15.0 15.0 5.0 83.0 15.0 15.0 3.0 77.0 64.0 42.0 3.0 118.0

Standar
desviation

0.8 3.5 0.9 11.9 0.8 0.8 0.8 11.0 10.1 12.4 0.6 15.3

n 90 90 90 90 42 42 42 42 52 52 52 52

A second interview campaign was then conducted in the town of Praderas de la Venta, with a population of 1420 people, where 184 surveys face to face were
carried out to determine the consumption and weight of the people interviewed. The majority of the surveyed population informed that they do not drink tap
water directly, but 88% prepare food and use this water for the rest of their needs In addition, the abstracted water does not receive any treatment for
potabilization, and the water used for direct consumption is bottled by local companies only in the areas where the largest population is concentrated using
treatment methods certi�ed by the State Health Secretariat. However, water consumption also involves food preparation; and according to the survey results, a
signi�cant percentage of individuals prepare food with tap water in both municipalities.

Figure 6

Fluoride Exposure Risk Estimation
The results obtained from the survey were used to perform a �uoride exposure analysis; for this purpose, the intake thresholds for the toxic effects of a
substance when an individual is subjected to chronic oral exposure suggested by ATSDR (ATSDR, 2016) were considered. The results obtained from well
monitoring indicate that the population has been chronically exposed (more than one year) (Table 3), so the intake thresholds correspond to oral Reference
Dose (RfD) conditions, where the order of magnitude is an estimate of the daily exposure that an individual can have to a toxic substance throughout his/her
entire existence without presenting damage to any organ, the maximum intake of a toxicant that a human being can have without adverse clinical
manifestations (NOAEL= No Observed Adverse Effect Level), and the minimum intake of the toxicant that causes adverse clinical manifestations in the
exposed individual (LOAEL= Lowest-Observed-Adverse-Effect Level). The ATSDR (ATSDR, 2003) considers a NOAEL value of 0.15 mg �uoride/kg/day and a
LOAEL value of 0.25 mg �uoride/kg/day to observe skeletal effects (increased fractures); in the case of the NOAEL, it is divided by an uncertainty factor of
three, to consider the variability in humans, and thus a value of RfD =0.05 (mg/kg/day) is obtained. EPA (2003) derived an RfD of 0.06 mg/kg/day for �uoride
based on a NOAEL value of 0.06 mg/kg/day and a LOAEL value of 0.12 mg/kg/day for cosmetic effects of dental �uorosis. The NOAEL value was divided by
an uncertainty factor of 1 to obtain the RfD. For this work, the following RfD values=0.05 mg/kg/day and 0.12 mg/kg/day were considered as values at which
effects can be observed. From the above values, if a value of FRE>0.05 (mg/kg/day) is obtained, exposed individuals may develop dental �uorosis, depending
on the magnitude, dose and time of exposure. This value signi�es the minimum risk level calculated by ATSDR (ATSDR, 2003; ATSDR, 2016) for chronic oral
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exposure and is considered the toxic threshold causing the occurrence of dental �uorosis. In case the value obtained is EEF>0.12 (mg/kg/day) and the
exposure time is much longer than 15 years, the individual presents a potential risk of developing skeletal �uorosis (ATSDR,2003; ATSDR, 2016;).

Table 3

The results suggest that adolescents living in the municipal seat of Villagrán are not at risk of exposure to �uorides, however all people living in Praderas de la
Venta are at risk of developing dental �uorosis, mainly adolescents who may also be at risk of developing skeletal �uorosis over time; for adults older than 20
years and who have lived in the area for more than 15 years, the results indicate that they are at risk of exposure to develop skeletal �uorosis (Figure 6b).

Considering the consumption patterns, part of the population studied is at risk due to the high �uoride content in drinking water for several years (at least
since 2010) and its use for cooking by a signi�cant amount of the population, the greatest risk is the locality of Praderas de la Venta. It would be convenient to
carry out an epidemiological study in the area to determine the possible �uoride accumulation due to consumption of poor-quality water, looking for cases of
dental or skeletal �uorosis.)

Conclusions
Fluoride contamination in groundwater is a major problem in drinking water sources in the study area as high F− content has been quanti�ed in drinking water
in several wells since 2010; however, the water contamination problem in the region dates back to the 1990s. Aquifers composed of rhyolites and ignimbrites
present high �uoride levels that exceed WHO and NOM-127 guidelines, results from the present and previous studies conducted in the area indicate that the
origin is natural, according to mineralogical, hydrogeochemical and statistical results, the behavior of excess �uoride is related to the interaction between
geothermal groundwater and volcanic rocks and the depth of �uids enriched in F−. Fluoride is disseminated in volcanic rocks and the highest contents were
measured in felsic rocks. Hierarchical clustering evidenced a correlation between tridymite with As and F and alunite. Relationship between the minerals
sanidine and andesine, minerals commonly found in felsic rocks were also shown by the clustering another cluster marks a bifurcation between esseneite
(common in ma�c rocks) and other component minerals of volcanic rocks, but a closer relationship with Felspar Na-Ca, Monoalbite and Kaolinite, recurrent
minerals in intermediate rocks, also a correlation was observed between amorphous silicate tuff with two groups of minerals, one is quartz with plagiocase
albite and the other composed of kaolinite-montmorillonite with cristobalite. Fluoride mobilization is a product of volcanic glass dissolution, a process
involved in alkaline desorption occurring on the surfaces of F−containing minerals, and possibly by ion exchange occurring in minerals and some clays or
even in deep �uids enriched in F−. Low Ca²  and elevated bicarbonate (HCO3

−) and sodium (Na  ) concentrations in high-F groundwater suggest
hydrogeochemical regulation involving these ions.. All these processes may be accelerated by the geothermal characteristics of the groundwater in the study
area. The information from this study can be used to identify hydrogeochemical processes related to �uoride mobilization and transport in the aquifer, as
these results have helped to de�ne the rock type contributing to the high �uoride content in groundwater. The hydrogeochemical results and the
epidemiological survey conducted indicate that the population of Praderas de la Venta is at risk of exposure to F- due to the high concentrations ingested over
a long period of time, the toxicity of the element and its ability to accumulate in the bones. As has been observed in other areas with similar problems, he most
vulnerable people are children and older adults according to the results of this study.
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Figures

Figure 1

Study area, State of Guanajuato and municipalities of Santa Cruz de Juventino Rosas and Villagrán considering the local geology. Location of the
communities.
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Figure 2

AA' stratigraphic pro�le of the study area where two lithological sections of the SJ Mer= San José Merino and 1798 wells are presented, and some rock
samples collected in the study zone: (a) tholeiitic basalt, (b) vitreous tuff, (c) lepidolitic vitreous tuff, (d) altered vitreous tuff, (e) ignimbrite, and (f)
ignimbrite. Photomicrographs under parallel light: (g) basalt: pyroxene microphenocrysts (Px) replaced with opaque minerals; (h) vitreous tuff: lithic fragments
composed of a vitreous matrix within a Fe oxyhydroxide (Fe-ox M) matrix; (i) lepidolitic vitreous tuff: lithic fragments of perlitic glass disseminated throughout
a vitreous matrix; (j) altered vitreous tuff: matrix formed by a vitreous paste with some oxides and Fe-oxyhydroxides (Fe-ox), feldspars (Felds), and quartz (Qz);
(k) ignimbrite: alignment of vitreous fragments forming the matrix, some veins obliquely cut across �ammes; (l) ignimbrite: vitreous matrix with quartz and
clay mineral veins that replace feldspars, biotites moderately replaced by chlorite. Photomicrographs under re�ected light: (m) basalt: to the left, hematite has
been replaced by goethite/siltstone and, to the right, dispersed magnetite can be observed; (n) vitreous tuff: lithic fragments surrounded by goethite/siltstone
and some hematite crystals along their edges in addition to some pyrite relicts completely replaced by magnetite; (o) lithic tuff: a completely hematized
particle with abundant oxides and Fe-oxyhydroxides at its edges; (p) altered vitreous tuff: a completely hematized particle in the upper portion of the image,
pyrite, and galena in the lower portion; (q) ignimbrite: an elongated lens, thin in the direction of the �ammes, formed by hematite associated with
goethite/siltstone; (r) ignimbrite: a �ne crystal surrounded by hematite.
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Figure 3

a) Composición mineralógica (en %) de diferentes rocas presentes en la zona de estudio, Mineralogical composition (%) of rocks present in the study area b)
Hierarchical clustering (Weighted pair-group centroid (median), 1-Pearson r aglomeration algorithm) of mineralogy of volcanic rock and their As and F content.

 

Figure 4

Rock sample JR-03-2015 collected southwest of the study area near to the SJ Mer well to which a SEM-EMS analysis was performed to qualitatively identify
the distribution of �uoride in the rock. 
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Figure 5

a) Hierarchical clustering (Weighted pair-group centroid (median), 1-Pearson r agglomeration algorithm) of physicochemical and isotopic results of
groundwater samples from the study area, b) Comparison between Na/Ca ratio vs F- concentration in groundwater from JR and Vill. The red line represents
the maximum value allowed by NOM-127 for �uoride.
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Figure 6

a) F- concentration (ppm) in the different wells sampled during the years 2010-2019, b) Comparative diagram of the EEF values (with parameters obtained in
the locality) versus exposure time for each individual interviewed. Symbols in rhombus represent adolescents interviewed living in Praderas de la Venta,
symbols in triangle represent adolescents interviewed living in the locality of Villagrán, symbols in circle represent adults interviewed living in Praderas de la
Venta. The �elds represent: 1) the population that has no risk of exposure to �uoride, 2) the population that is at risk of developing dental �uorosis, 3) the
population that is at risk of developing dental �uorosis and has more than 5 years of exposure, 4) the population that is at risk of developing skeletal �uorosis,
5) the population that is at risk of developing skeletal �uorosis and has more than 5 years of exposure, 6) the population that is at risk of developing skeletal
�uorosis and has more than 15 years of exposure.


