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Abstract: Spring water is important for human consumption, domestic use, agricultural activities,
and ecotourism in the Buenavista de Cuéllar Aquifer (ABC), southern Mexico. The objective of this
research was to assess the health risk from fecal coliforms, as well as the non-carcinogenic risk to
human health for different age groups, by studying the oral and dermal routes. The analysis of the
cartography of high-priority springs (the result of Multicriteria Evaluation (MCE)), access routes,
and knowledge of the areas with high social insecurity risk enabled the selection of 20 springs to
be sampled. In situ parameters were measured, major ions, fecal coliforms, and Potentially Toxic
Elements (PTE). The non-carcinogenic health risk results indicated a higher risk by the oral route in
children (average Hazard index (HI) value of 0.6371) and a higher risk by the dermal route in adults
(average HI value of 1.2378). The highest dermal risks are in the south-southeast of the study area.
On the other hand, the assessment of health risks due to fecal coliforms resulted in a medium risk for
the dry season and a high risk for the rainy season. The results of this research will serve as a key
reference for the management and protection of springs in order to preserve human health.

Keywords: springs; human health risk; water quality; hazard quotient (HQ); hazard index (HI)

1. Introduction

Groundwater is essential for human beings throughout the planet. The good quality
that is usually associated with groundwater means that it is considered a safe resource for
human consumption [1]. However, in recent years, groundwater has been experiencing
growing pollution threats contributing to water scarcity and adverse health effects in
various countries and arid/semi-arid regions of the world [2,3]. Anthropogenic activities
(urbanization, industrial development, agricultural activities, mining exploitation) pose
the main threat to groundwater, while geogenic sources represent minor threats [4–6].
According to WHO [7], 2 billion people use or consume water polluted with fecal coliforms,
nitrates and/or toxic metals. The consequences of consuming polluted water are reflected
in a negative impact on human health through water diseases, such as cholera, dysentery,
typhoid fever, salmonellosis, diarrhea, blue child syndrome or methemoglobinemia, gastric
cancer, congenital disabilities, dental and skeletal fluorosis, cardiovascular disease, renal,
and pulmonary [8–17]. Worldwide, 435 million people drink from unprotected wells
and springs; there are 4 billion cases of gastrointestinal diseases and 1 million deaths in
children under 5 years of age due to diarrheal diseases; hence, health risk-related research
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is transcendental in several countries around the world. For example, in countries located
in Asia, Africa, North America, and Latin America [18–20].

Spring water is considered suitable for human consumption when its quality is good
and complies with the maximum permissible limits established by some standard of water
for human use and consumption (e.g., WHO 2017; NOM-127-SSA1- 2021). In Mexico,
the drinking of polluted water is a threat to the health of the majority of the population
that inhabits rural and semi-rural communities. In many regions of Mexico, springs play
a fundamental role in water supply, and such is the case of the Buenavista de Cuellar
Aquifer (ABC). The ABC is located in the northern portion of the state of Guerrero and is
considered a rare case since it is made up of 98% springs, and the main uses are human
consumption, domestic, recreation, and agricultural irrigation [21]. The dispersed rural
population settled in the aquifer is primarily supplied by springs. Previous studies have
analyzed the possible water pollution in the southern portion of the aquifer; for instance:
Salcedo et al. [22] evaluated the pollution in a fluvial system, the implications for health,
and the ecological risk in the aquatic environment (water surface, groundwater, and
sediments); Flores [23] studied the hydrogeochemical processes that control the spring
water quality, with emphasis on the recharge processes and water–rock interaction by using
stable isotopes. On the other hand, Arroyo et al. [24] assessed spring water for human
consumption and analyzed the concentration of Potentially Toxic Elements (PTE) and
isotopic compositions. In general, the aforementioned studies did not pay enough attention
to health risk assessment, and their results show that mining waste has not influenced the
geochemical composition of spring water.

In previous research [25–27], the risk to health has been analyzed from different
perspectives. In this paper, the health risk index was used, which considers chronic daily
intake (CDI), the hazard quotient (HQ), and the hazard index (HI) [6,28–32] and is one of the
most widely used methods in various research projects due to its reliability. The majority
of studies generally analyze Potentially Toxic Elements (PTE), nitrates, and microbiological
parameters separately [33–35], but all these factors should be evaluated together when
studying springs.

Given the priority of the springs to be sampled, this study shows a spatial analysis
based on the combination of the Multicriteria Evaluation (MCE) and Geographic Informa-
tion Systems (GIS). MCE is a set of techniques (e.g., analytical hierarchical process (AHP))
that are used to select alternatives that best satisfy preferences based on an objective and
the analysis of different criteria [36,37]. A high number of worldwide investigations have
been conducted, and multi-criteria methods have been implemented on issues related to
groundwater management to select optimal sites [38–40]. The AHP is a mathematical tool
for the spatial evaluation of multiple criteria according to the research objective; the AHP
has a lot of applications in groundwater-related research and has been very popular in
recent decades because it considers expert opinion [41,42].

This research aimed to assess the non-carcinogenic human health risk by the oral and
dermal routes for some age groups and the health risk due to fecal coliforms based on
the analysis of the spring water quality (presence of Nitrates, PTE, and fecal coliforms)
in the Buenavista de Cuéllar Aquifer, Mexico. In addition, MCE was applied in a GIS
environment to prioritize springs and select sampling sites, a completely new approach. It
is important to mention that the water samples were collected during the dry and rainy
seasons. This study can provide significant elements for the sustainable protection of spring
water quality and to prevent waterborne diseases, and may also assist the water authorities
(e.g., CONAGUA in Mexico) in modifying pollution regulations, evaluating metals, and
revising the groundwater management plan currently in place.

2. Materials and Methods
2.1. Study Area

The Buenavista de Cuellar Aquifer (ABC) is located in the Sierra Madre del Sur, covers
an approximate area of 672 km2, and has approximately 39,287 inhabitants [43]. This
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aquifer limits to the north with the Tenancingo aquifer (State of Mexico), to the west with
the Arcelia aquifer, to the east with the Zacatepec aquifer (State of Morelos), and to the
south with the Iguala and Pololcingo aquifers (Figure 1). Four municipalities of the State of
Guerrero are located within its limits; it fully comprises the municipality of Pilcaya and
partially the municipalities of Tetipac, Taxco de Alarcón, and Buenavista de Cuéllar [21].
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(d) Spring for human consumption, (e) Spring for recreational purposes, and (f) Spring for domes-
tic use.

The aquifer presents three climate types: warm sub-humid with summer rains (A C(w1))
in the northern portion, semi-warm–humid with summer rains (A C(w2)) in the south and
southwest, and warm sub-humid with summer rains (Awo) to the east [21]. The average
annual precipitation value is 1044 mm, while potential evaporation varies around 1950 mm.
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Moreover, the relief presents high elevations (e.g., Cerro del Huixteco) and steep slopes
unsuitable for storing surface runoff. The drainage pattern is of the dendritic type with a
predominantly NE–SW direction, an intermittent regime, and only some streams with base
flow [21].

The main lithological units that make up the aquifer include Jurassic and lower
Cretaceous metamorphic rocks (schist, slate, and metavolcanic rocks), Cretaceous marine
sedimentary rocks (limestones and sandstones) both shelf and basin, extrusive igneous
rocks (tuffs and rhyolites) and intrusive Tertiary (granodiorite, granite, and diorite) and
Tertiary (lahar and polymictic conglomerates)/Quaternary sedimentary deposits (alluvial
and fluvial sediments of varied granulometry). The units are sometimes in contact through
faults and thrusts, giving great structural complexity [21,44].

According to the hydrogeological context, the ABC is a heterogeneous and anisotropic-
free aquifer whose geological formations present secondary permeability due to fracturing
and also dissolution in the case of platform calcareous rocks. On the other hand, the marine
sedimentary rocks of the Morelos and Mexcala formations may present confinement and
semi-confinement conditions because they are overlain by shales and siltstones.

According to CONAGUA [21], 48 exploitations were registered: 43 springs, four dug
wells, and one drilled well. The volume of extraction by pumping was negligible since the
springs as a whole discharged a volume of 2.1 hm3/year, of which 2.06 hm3/year (98.1%)
were destined for public-urban use and 0.04 hm3/year (1.9%) for domestic and livestock
uses. Therefore, public-urban use is the most demanding consumer of groundwater.
Currently, the most developed productive activities in the study area are agriculture (the
main crops are white corn and beans) and livestock (cattle and pigs).

The methodology comprised four steps: (1) the preprocessing and preparation of the
inputs (mapping), (2) the multi-criteria evaluation by using the AHP technique, (3) sample
collection and water quality assessment, and (4) non-carcinogenic and fecal coliform health
risk assessment (Figure 2).
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2.2. Preprocessing and Preparation of the Inputs

The available cartographic information of the study area made it possible to identify
the variables that can be considered to prioritize springs for analysis. The variables exam-
ined were the water uses [45], the geology [44], the land use/land cover changes [46], and
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the volume concessioned per spring [45], which were spatially represented on maps using
GIS software.

The obtaining of variables and their importance for this research are described below:

1. Water uses: it was obtained from the analysis of the REPDA database [45]. The map
was elaborated in QGis, and it was classified into five use categories (domestic, urban
public, agricultural, recreational, and other uses). Public urban and domestic uses are
the most essential for the survival/health of the population and occupy the first place
of use in the study area. These can change in relation to the increase or decrease of
anthropogenic activities and population growth. The importance of including this
variable is based on the impact on health generated by the various uses of water.

2. Geology: the mapping was obtained from SGM (2004) [44]. The importance of
including this criterion was for the textural and structural conditions analysis of the
rocks, such as porosity and permeability, with the objective of capturing an overview
of the infiltration capacity of geological formations to incorporate pollutants in the
emanation of the springs. Various lithologies were recognized, with limestone being
the most relevant due to its high vulnerability [47].

3. Land use/land cover changes: the cartography of land use/vegetation cover [46] was
prepared and classified into five categories, and they are agricultural land, urban
area, pasture, forest, and shrubby vegetation. The objective of the mapping was to
anticipate the deterioration that water sources may suffer due to pollution generated
by agricultural (use of fertilizers and pesticides) and urban (wastewater discharge)
areas, as well as to analyze its possible negative effect on human health [48].

4. Concessioned volume: the elaboration of the concessioned volume map was carried
out based on consultation and analysis of the REPDA database [45]. It is important to
analyze the springs with a greater concessioned volume, as the population’s health
may be affected by the dermal or oral contact they have with the water.

5. Location of springs: the REPDA database was consulted and analyzed in the year
2022 [45]; it contains information on the 106 springs of the ABC with the permanent
flow throughout the year and with concession titles. In addition, fieldwork included
the participation of the municipal authorities and community personnel with the
objective of identifying the exact location where the springs emanate, corroborat-
ing information, and visualizing the environment. The technical sheet proposed
by CONAGUA [49,50] was also considered. This allowed us to gather information
on the characteristics of the springs, such as an identifier (ID), name of the spring,
UTM coordinates, municipality, use, concessioned volume (m3/year), title of conces-
sion/assignment, owner, and registration date. This database was used to develop
the ABC spring location map and will serve as a conservation and protection strategy
in future studies.

2.3. Multi-Criteria Evaluation (AHP Technique)

Once the inputs mentioned in the previous section were obtained, the multicriteria
evaluation (MCE) was applied to select the springs with sampling priority. The MCE
application was carried out in TerrSet, and the Analytical Hierarchy Process (AHP) was
chosen. The steps of the method are described below.

Step 1. Establishing criteria: the selected criteria were classified into factors and restric-
tions. In this research, the factors were: the use of spring water, the use of land/coverage,
the geology of the site where the spring emanates, and the volume under concession. No
restrictions were considered.

Step 2. Normalization: first, quantitative factors (use of spring water, land use/land
cover changes, and geology) were assigned a numerical value with a range from 1 to 5
(increasing scale), with 1 being the value with less importance and 5 representing the springs
with greater relevance to be considered in the water quality sampling. The assignment
of numerical values considered the original scale of each analyzed factor in order to
obtain factors with a quantitative scale. This process was conducted for qualitative factors.
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Subsequently, the quantitative factors were normalized using a common scale (range from
0 to 255) so that they were comparable among themselves; the Fuzzy module of TerrSet, as
well as the monotonically increasing function, were used in all the factors analyzed. This
process was conducted according to the following equation [51,52].

Xi =
(Ri − Rmin)

(Rmax − Rmin)
·SR (1)

where Xi is the new value, standardized per pixel. Rmin means the minimum value of the
factor per pixel. Rmax represents the maximum value of the factor per pixel. Ri denotes
the value of the factor per pixel, and SR represents the maximum threshold of the range to
be standardized (255).

Step 3. Weighing process (AHP technique): the process required a consultation with
a panel of experts familiar with the research topic, including geographers, geologists,
chemists, and hydrogeologists. The experts made a comparison of each factor to establish
a hierarchy of relevance. To carry out this process, the AHP technique (numerical scale
of values ranging from 1 to 9 based on the Saaty scale) was used by means of the TerrSet
Weight module in order to make a comparison by pairs, obtain the weights of the factors,
and denote their order of importance [53]; these are shown in Table 1. The AHP technique is
one of the most applied in studies related to the management of water resources [38,39,54].

Table 1. Values of the weighting coefficient of each factor and corresponding weights.

Factors Geology Water Use Land Use Volume Weights

Geology 1 0.1136
Water use 7 1 0.5943
Land use 3 1/3 1 0.2532
Volume 1/5 1/9 1/7 1 0.0390

Additionally, the consistency ratio (CR) was calculated; the value must be <0.1 to be
considered acceptable [53]. The CR was calculated as follows [53,55].

CR =
CI
RI

(2)

where CR refers to the consistency ratio. CI is the consistency index and RI indicates
the random index, and the value depends on the number of factors used in the research
(RI = 0.90 in this research) [55].

The consistency index is calculated with [56].

CI =
λ max − n

n − 1
(3)

where
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is the principal eigenvalue of the matrix and n is the number of groundwater
quality network factors.

Step 4. Evaluation (Weighted Linear Combination method (WLC)): the WLC (the most
widely used method for evaluating multiple criteria) was applied. In this step, each factor
is multiplied by its weight; the multi-criterial result was a suitability map with a byte scale
(0 to 255). Moreover, the maximum value (255) of the suitability map was considered and
divided into three categories of importance (low, medium, and high) in order to prepare
the spring prioritization map. The categories come from guidelines suggested by the
government body in charge of water management in Mexico, the National Commission
of Water (CONAGUA). According to [51], the suitability (S) was calculated based on the
following equation:

S =
n

∑
i=1

Wi Xi (4)
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where S is the suitability, n is the number of factors, Wi represents the weight of factor i,
and Xi is the value of factor i.

Subsequently, a spatial analysis of the high-priority spring distribution was conducted.
Fieldwork enabled the evaluation of access routes to places where springs emanate since
the terrains presented a rugged relief with difficult access. Furthermore, several sections
of the study area are highly dangerous due to the control of criminal groups, so the
springs located in those areas had to be discarded. These factors do not have cartographic
representation and were not analyzed with MCE. Therefore, for this work, 20 springs
distributed homogeneously in the aquifer were selected; the number was according to the
economic resources available for the analysis of water quality.

2.4. Water Quality Assessment
2.4.1. Field Sampling and Data Analysis

Two spring water samples were conducted during the months of May and August
2022 (dry season and rainy season) in 20 springs, with the help of authorities from the
communities. The measurement of parameters in situ was conducted using an OrionStar
A329 multiparameter probe with a water temperature (T ◦C), total dissolved solids (TDS),
and electrical conductivity (EC) electrode, as well as a second pH electrode (hydrogen
potential). These were calibrated in the field with pre-established standards; the first
electrode was calibrated with a standard solution (NaCl) of 1413 µS/cm, while the pH
electrode was calibrated with buffer solutions of pH 4.0, 7.0 and 10.0 (at 25 ◦C).

The precision in the temperature reading of the equipment is ± 0.5 ◦C, in electrical
conductivity with ±1% of the full scale (at 25 ◦C) and the pH of ±0.01 pH units. In addition,
the total alkalinity was determined in the field by means of the sulfuric acid titration
method and the methyl orange indicator; this was performed in duplicate, considering
a blank and a control, for greater precision. The results were then multiplied by 1.22 to
obtain the mg/L of calcium bicarbonate (HCO3).

The water samples were collected following the existing protocols, which are detailed
in [57], as well as the procedures set forth in the standard NOM-230-SSA1-2002 [58], which
follows the guidelines of the APHA-AWW-WEF [59]. Two water samples were collected
from each spring and were filtered with a 0.45 µm nitrocellulose membrane, one for
the analysis of anions and the other for the analysis of cations; the cation samples were
preserved with nitric acid up to a pH less than or equal to 2. The major ions and trace
elements were analyzed in the Environmental Geosciences Laboratory of UNAM. The
samples for anions (Br−, F−, Cl−, SO4

2−, and NO3−) were analyzed by high-performance
liquid chromatography (HPLC) with a Dionex ICS-1100 brand chromatograph. HPLC
calibration curve was carried out with a standard certificate from Inorganic Ventures IF-
FAS-1A, which consists of seven concentrations, and the drift control of the instrument was
carried out by means of a laboratory control sample (MCL) prepared from the standard
certificate seven anion standard of Dionex, which was analyzed every 10 samples.

The samples for cations (Ca2+, Mg2+, Na+, K+, Mn+, Ba+, Fe+, Zn+, Li+, Sr+, Ni+, Si+,
Al+, and Cd+) were analyzed with the Perkin Elmer ICAP 6500 Duo Optical Emission
Spectroscopy with inductively coupled plasma (ICP-OES) technique by using two cali-
bration curves with six standards for the analysis (calibration greater than 0.9990), which
were prepared from certified mono-element standards from the Inorganic Ventures brand
and an ICP-200.7 multi-element standard from the High Purity Standards brand. The
calibration blank and the reagent were analyzed, as well as three MCL, all made from
certified standards with traceability to NIST; the recovery percentage was greater than
90%. In order to verify the validity of the analyzed data, the load balance of the majority of
elements was carried out.

In addition, a third sample was collected for fecal coliform analysis using sterile
containers. Subsequently, the samples were analyzed in a certified laboratory within the
first 24 h of collection by using the NMX-AA-102-SCFI-2019 method [60], which is based
on membrane filtration and culture in a chromogenic agar medium for coliforms. Culture
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media were incubated at 37 ◦C for 24 h. Afterward, the number of coliform microorganisms
present in the sample was calculated and expressed in colony-forming units (CFU/100 mL)
per 100 mL water sample.

2.4.2. Hydrogeochemistry

Piper diagrams to define the different hydrogeochemical groups were developed
using Geochemist’s Workbench 11.0 software [61]. To obtain the quality of spring water,
the results obtained were compared with the criteria for human use and consumption
established in the WHO 2017 [62] and NOM-127-SSA1-2021 [63].

2.4.3. Statistical Analysis

Basic descriptive statistics were performed, obtaining minimum and maximum values,
standard deviation, and measures of central tendency for each parameter evaluated. In
addition, to compare whether there are significant differences between the results obtained
from the two sampling periods, the T-student statistical analysis was performed in an Excel
2016 spreadsheet with a confidence level of 95%.

2.5. Health Risk Assessment
2.5.1. Non-Carcinogenic Health Risk

Water can affect human health through two exposure routes, the most common being
through ingestion and dermal contact [29]. Therefore, the human health risk assessment
model made it possible to determine the level of non-carcinogenic risk. The risk assessment
parameters considered in this study were nitrates (NO3-), Potentially Toxic Elements (PTE)
such as Ni, Cd, Zn, Fe, and Mn. The parameters evaluation is based on the concentrations
detected in the spring water and their impact on human health.

The health risk associated with the chronic daily intake (CDI) of exposure to toxic
elements (mg kg day-1) was calculated for adults and children, as established by the
Integrated Risk Information System [64,65]. Ingestion rate and dermal absorption were
calculated based on the US Environmental Protection Agency (USEPA) standards. The
Ingestion CDI and the Dermal CDI were calculated using Equations (5) and (6) for both
groups [65–67].

CDIingestion−water =
CW ∗ IR ∗ EF ∗ ED

BW + ∗AT
(5)

CDIDermal =
CW ∗ SA ∗ AF ∗ ABDSd∗ET ∗ ED ∗ CF

BW + ∗AT
(6)

where CW is the concentration of the element in the water, IR is the ingestion rate (L day−1),
EF is the exposure frequency (days/year), ED refers to the exposure duration (years), BW
indicates average body weight (kg), AT is the average time (days), SA is contact skin surface
area (cm2), AF is skin adhesion factor, ABSd refers to skin absorption factor, CF corresponds
to the conversion factor (kg mg−1), and ET is the exposure (h day−1) (Table 2).

Due to differences in physiology, assessment in adults and children, both by ingestion
and by skin contact, was considered. Age 30 years for adults and 6 years for children was
taken as a reference. Table 2 summarizes the values used for the calculation.
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Table 2. Exposure factors used in the estimation of chronic daily intake (CDI) for non-
carcinogenic risk.

Symbol Name Unit Recommended Value

Cw
Element

concentration mg L−1

IR Ingestion rate L día−1 Adult 2.5
Child 0.80

EF Exposure frequency day y−1 350

ED Total exposure
duration Year Adult 30;

Child 6

BW Average body weight Kg Adult 52;
Child 10

SA Exposed skin area cm2 Adult 57,000
Child 28,000

AF Adherence factor
dermal - 0.07

ABSd Absorption fraction - 0.03
ET Exposure time h day−1 0.58
CF Conversion factor Kg mg−1 10−2

AT Average exposure
time Day Adult 10,950;

Child 2190

RfDingestion Reference dose of PTE mg kg−1 Day -1
Fe = 0.7, Mn = 0.024,
Zn = 0.3, Cd = 0.001,

Ni = 0.02, NO3− = 1.16

RfDdermal Reference dose of PTE mg kg−1 Day -1
Fe = 0.7, Mn = 0.00096,
Zn = 0.06, Ni = 0.0054,

NO3− = 1.1
Note: RfD Values from USEPA [64,66,68].

In addition, the hazard quotient (HQ) was evaluated for both the oral and dermal
routes, according to the USEPA, Equations (7) and (8) [64].

HQingestion =
CDIIngestion

RfDIngestion
(7)

HQDermal =
CDIDermal
RfDDermal

(8)

where RfD denotes the reference dose (ingestion and dermal) based on the Environmental
Protection Agency guidelines [64]. In the calculation of the health risk assessment, the
RfD differs for each element, and the hazard index (HI) represents the cumulative non-
carcinogenic risk index. The latter is the sum of the HQ values and is calculated with the
following equation:

HI = ΣHQi (9)

where i is the HQ value of each element. In the context of human health, HI has a long-term
harmful effect on health: Low risk (≥0.1<1), Medium risk (≥1<4), and High risk (>4) [69].
In the HI values, data were tested through the Shapiro–Wilk test to analyze the normality
of the data set.

2.5.2. Human Health Risk Assessment Due to Fecal Coliforms

The health risk assessment due to fecal coliforms consists of the categorization of the
results obtained with the risk scales established by the WHO. Table 3 presents the categories
to classify this risk [70,71]. This assessment is relevant since people drink untreated water,
and the consequence is suffering from gastrointestinal diseases.
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Table 3. Human health risk classification due to the presence of fecal coliforms.

Range of Fecal Coliforms (CFU/100 mL) Degree of Risk

<1 No risk
1–10 Simple risk

11–100 Medium risk
101–1000 High risk

>1000 Very high risk
Refer to [70] and modified table.

3. Results and Discussion
3.1. Spring Location Map

The most outstanding result of the pre-processing and preparation was the ABC spring
location map. This map presents the water uses classification based on REPDA data [47]
and with the information provided by users. The ABC has a total of 106 springs distributed
in the four municipalities that make it up, and the percentages are presented as follows:
74.52% are destined for public-urban use, 14.15% for agricultural use, 3.77% are occupied
by two types of uses (domestic, recreational and ecotourism activities), and with values
of 1.88%, 0.97%, and 0.94%, are the service, livestock, and industrial uses respectively
(Figure 3). This information is attached as Supplementary Materials.
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3.2. Multi-Criteria Evaluation (AHP Technique Results)

The consistency ratio (CR) was 0.08. The methodology used in the TerrSet software
enabled prioritizing springs, a new contribution to the aquifer management framework.
However, TerrSet is primarily used by the scientific community, which can be a limitation
for government entities and the private sector. The result of having applied MCE was a
suitability map classified into three priority categories: low, medium, and high. Springs
in the low category occupy 6.6% and are located in the central portion of the aquifer,
while those springs in the medium class occupy 14.2% and are distributed mainly in the
municipalities of Tetipac and Buenavista de Cuéllar. On the other hand, springs in the high
grade represent the highest percentage with 79.2% (related to the weight assigned to the
water use factor 0.5943) and are distributed throughout the ABC (Figure 4). The analysis of
the 79.2% of springs (high priority springs), access routes, and knowledge of the areas with
high social insecurity risk enabled the selection of 20 springs to be sampled (Figure 5).
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The 37% of springs have protection in place where they emanate (springs BC1, BC2,
BC9, BC10, BC13, BC15, BC16, and BC17); however, protection is not conducted from
the recharge area, which is a gap for future research. Likewise, the BC1, BC10, and BC16
springs have a network to distribute the vital liquid. In the rest of the springs, the water is
taken directly from the places where they emanate.
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Furthermore, in order to assess the water quality in space and time to preserve hu-
man health, it is also recommended to collect the necessary water samples to analyze
major elements, trace elements, and microbiological. This is relevant in a water manage-
ment program.

3.3. Hydrochemical Characteristics and Water Quality Assesment

The Piper diagram was developed for both samplings as a tool to obtain the main
hydrogeochemical characteristics based on the relative dominance of the majority of ions
in terms of their reaction values. In the springs analyzed, three predominant types of water
were identified. During the May sampling, calcium bicarbonate water (BC1, BC2, BC3,
BC4, BC5, BC6, BC7, BC8, BC9, BC10, BC11, BC12, BC14, BC15, BC16, BC17, BC19, and
BC20) and sulfated bicarbonate (BC18 during the first sampling) were identified, while
sodium bicarbonate was observed in the August sampling (BC13). The springs located in
the highest zone of the study area show calcium and sodium enrichment due to the flow of
groundwater through carbonate material of limestone from the Morelos formation. Some
influence of sodium dissolution is the volcanic rocks of the Tilzapotla formation, while the
sulfate enrichment is given by the influence of mineralization in the lower zones of the
study area (Figure 6).
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The water quality assessment was carried in 20 springs [62,63]. Spring water tem-
perature was in the range of 16.8 to 28.1 ◦C, with an average of 22.81 ◦C. The pH ranged
from 6.08 to 7.91, with an average of 6.9 in the dry season and an average of 6.7 in the
rainy season, values that show it within the classification of “slightly acid to slightly al-
kaline” (Table 4). These values are mostly within the maximum permissible limits for
human consumption in the Mexican standard and in the WHO criteria [62,63]. In general,
pH refers to the force that the water has for reaction with acidic or alkaline material in
itself [72]. The electrical conductivity (EC) indicates the material dissolved in the water,
and its values varied between 40.86 and 1259 µS/cm (average of 465.67 µS/cm). While the
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TDS in the dry season had an average value of 230.81 mg/L, the values met the criteria
established in [62,63]. On the other hand, the concentration of sulfate (SO4

2-) varied from
1.1 to 574.5 mg/L in the dry season, while in the rainy season, the range varied from 0.3 to
570.6 mg/L; likewise, the 5% of springs exceeded the limits of 400 mg/L (Mexican norm)
and 250 mg/L established by the WHO in both seasons. Chlorides showed a minimum
value of 1.20 mg/L and a maximum of 36.54 mg/L in the dry season; for the rainy season,
the minimum value corresponded to 0.3 mg/L and a maximum of 39.5 mg/L. Therefore,
they are within the recommendations of the World Health Organization 2017 (250 mg/L).
In the case of nitrates, they play an important role in diseases such as methemoglobinemia;
their presence is related to anthropogenic activities such as agriculture, wastewater dis-
charges, leakage, and infiltration of urban drains [9,10]. The nitrate concentrations observed
in the month of May varied between 0.56 and 26 mg/L (average of 5.62 mg/L), while for
August, the values varied between 0.2 and 42.1 mg/L (7.9 mg/L on average). During the
dry season, 10% of samples exceeded the maximum allowable limit by the official Mexican
standard (11 mg/L). On the other side, during the rainy season, the number of springs that
exceeded the maximum permissible limit increases (25% of springs).

Moreover, most of the samples collected in the study area presented detectable concen-
trations of Fe, Mn, Ni, F, Ba, Sr, B, Li, and Zn; however, almost all were below the maximum
permissible limits in [62,63]. The 5% of springs exceeded the maximum allowed limit for
iron established in the Mexican standard and WHO recommendations in both seasons
(0.3 mg/L), while 5% of the springs presented cadmium in concentrations of 0.0125 mg/L,
which is above the limits [65] and may pose a threat to human health; its presence is
associated with impurities in the zinc of the galvanized pipes [73]. Finally, coliforms in
the rainy season exceeded the permissible limits in 100% of the springs, while in the dry
season, there is a high concentration in 85% of the springs (Table 4). This is worrying since
it can cause severe gastrointestinal diseases.

The Student t-test showed significant differences (p < 0.05) between the means for
the following parameters: NO3

−, Na+, Ni, and K+; therefore, it was identified that there
was a significant increase during the sampling carried out in August (rainy season). The
minimum, maximum, average, and standard deviation values of the evaluated parameters
are shown in Table 4.
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Table 4. In situ parameters, fecal coliforms, majority ions, and PTE during the dry and rainy seasons. May and August (2022), respectively.

Dry Season Rainy Season

Parameters Units Min Max Mean SD P a (%) Min Max Mean SD P a (%) NOM-127-
SSA1-2021 [63]

WHO
(2017) [62]

Coliforms CFU/100
mL 0 2300 240.2 550.95 85% 3 640 205.55 219.07 100% 0 0

T ◦C 16.8 28.1 22.8 3.02 16.4 24.7 21.6 2.30 - -
pH 6.08 7.91 6.90 0.44 20% 6.1 7.5 6.7 0.39 20% 6.5-8.5 7–8
EC (µS/m) 40.86 1259 465.6 299.59 40.03 1200 463.6 316.32 - -

TDS 20.52 632.1 230.8 146.30 1.2 649.0 257.0 178.51 1000 1000
Ca2+ 13.50 239.4 99.29 53.61 10.2 229.5 97.9 56.81 - -
Mg2+ 0.14 55.9 10.4 12.45 0.2 59.6 10.1 12.75 - -
Na+ 1.1 29.3 9.92 7.24 0.9 53.4 15.1 13.26 - 200
K+ 0.6 6.40 1.75 1.56 0.04 7.9 2.0 1.94 - -

NO3- 0.56 26.0 5.62 6.93 10% 0.2 42.1 7.9 10.39 25% 11 50
Cl− 1.2 36.5 7.16 10.53 0.3 39.5 8.9 13.52 - 250 *

HCO3- 58.26 519.5 310.5 129.10 55.6 517.1 316.6 141.84 - -
SO4

2− 1.1 574.5 58.90 135.72 5% 0.3 570.6 69.9 129.46 5% 400 250
B mg/L 0.01 2.4 0.24 0.68 0.02 0.13 0.08 0.04 - -

Mn 0.001 0.115 0.016 0.03 0.001 0.15 0.02 0.04 0.15 0.1–0.4
Ba 0.01 0.18 0.04 0.04 0.01 0.18 0.04 0.04 1.3 2.4
Fe 0.003 0.410 0.055 0.12 5% 0.01 0.96 0.15 0.32 5% 0.30 0.30 *
Zn 0.002 0.823 0.070 0.22 0.004 0.273 0.03 0.07 - 3–5
F− 0.07 0.54 0.25 0.14 0.065 0.490 0.223 0.14 1.5 -
Li 0.001 0.069 0.014 0.01 0.001 0.075 0.015 0.01 - -
Sr 0.024 2.306 0.349 0.49 0.029 2.205 0.366 0.48 - -
Ni 0.010 0.010 0.010 0.010 0.005 0.017 0.009 0.003 0.07 0.07
Si 4.50 42.10 17.76 11.06 4.2 44.0 18.1 11.08 - -
Al 0.023 0.094 0.055 0.03 0.023 0.094 0.05 0.03 0.2 -
Cd 0.012 0.012 0.012 0.012 5% 0.012 0.012 0.012 0.012 5% 0.005 0.003

Note: * Recommendations of WHO 2017 and P a Percentage of the samples exceeding the permissible limits (NOM-127-SSA1-2021).
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3.4. Human Health Risk Assessment
3.4.1. Non-Carcinogenic Health Risk

The non-carcinogenic human health risk was determined for adults (under 30 years)
and children (under 6 years) by oral route and dermal contact (Table 5). The results of HI
evaluated in adults and children by oral route indicate that there is a greater risk in children,
while by dermal contact, the risk to health is greater in adults (Table 5). An exploratory
analysis with Shapiro–Wilk’s method to test the normality was applied to the HI values. It
was found that HI values through the oral route in children and adults followed a normal
distribution, with R2 values equal to 0.9723 and 0.9238. The HI values through the dermal
route showed a normal distribution, with R2 values equal to 0.9417 and 0.9459, respectively.

Table 5. Hazard quotient (HQ) and hazard index (HI) for adult and child groups for non-carcinogenic
risk assessment.

Oral Dermal

Average Min Max Average Min Max

Adult
HQ NO−

3 0.4655 0.0117 2.4637 0.9218 0.0288 4.8559
Zn 0.0076 0.0009 0.0618 0.2348 0.0096 2.1585
Fe 0.0153 0.0008 0.0932 0.1699 0.0081 0.9167
Mn 0.0804 0.0020 0.4390 0.0072 0.0001 0.0607
Ni 0.0062 0.0031 0.0118 0.0200 0.0011 0.0428
Cd n.a n.a 0.8498 n.a n.a n.a

HI 0.5924 0.0630 2.4835 1.2378 0.0458 4.8705

Oral Dermal
Average Min Max Average Min Max

Child
HQ NO−

3 0.5517 0.0172 2.9097 0.2351 0.0074 1.2404
Zn 0.0059 0.0007 0.0485 1.2318 × 10−3 2.2912 × 10−5 1.0343 × 10−2

Fe 0.0120 0.0006 0.0732 0.0256 0.0014 0.1561
Mn 0.0631 0.0015 0.3449 0.0672 0.0002 0.3676
Ni 0.0073 0.0036 0.0139 0.0034 0.0002 0.0073
Cd n.a n. a 0.6676 n. a n. a n. a

HI 0.6371 0.0315 2.9148 0.2865 0.0103 1.2405

Note: n.a: Not applicable.

In general, the non-carcinogenic risk (HI) by oral route in children show that 60% of
springs represent low risk, while 20% represent medium risk and 20 negligible. However,
in adults, 50% of springs represent a low risk, while 25% represent medium risk and 25%
are negligible. In both groups, there is no high risk to health by oral route (Figure 7a,b).
Finally, the risk by dermal route presents a high risk for 10% of adults, a medium risk for
25%, a low risk for 50%, and negligible for 15%. While 5% of children present a medium
risk, 60% low risk, and 35% negligible.
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Figure 7. Risk index (HI value) (a) through oral route in adults 2022, (b) through oral route in children
2022, (c) through dermal route in adults 2022, and (d) through dermal route in children 2022.

3.4.2. Human Health Risk Assessment Due to Fecal Coliforms

When assessing the human health risk due to fecal coliforms according to the criteria
established by the World Health Organization [71], the results indicate that most of the
springs present a condition of medium to high risk (Figure 8). In the dry season, 65% of
springs have moderate risk, 15% present high risk, 5% very high risk, and 15% no risk. In
the rainy season, a moderate risk was observed in 20% of springs, high risk in 55%, and
low risk in 25%.
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Figure 8. Percentage of risk to human health from fecal coliforms.

Water pollution by fecal coliforms can cause mortality and morbidities (e.g., typhoid
fever, cholera, diarrhea, and hepatitis) [70,74]. To avoid negative effects, the water must
receive some type of treatment before it is used as a supply source.

Finally, the results of the research in the short term may be made known through
the implementation of workshops, with the participation of researchers, the community,
and local authorities. It is important to mention that quality data information has been
shared with local authorities; however, it is currently necessary to present the results and
propose mitigation measures to have a better-quality resource and avoid water diseases.
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On the other hand, if mitigation measures are not proposed, or springs stay unprotected,
the long-term consequences will be water quality deterioration and a greater number of
diseases in the study area.

4. Conclusions

In the study area, samples of spring water were taken, and in situ parameters such as
fecal coliforms, major ions, and Potentially Toxic Elements were analyzed. The health risk
was evaluated for children and adults in relation to the oral and dermal routes. The main
conclusions are as follows:

1. The AHP technique was a useful tool for identifying priority springs. This technique
was applied by means of the Terrset software; however, Terrset is primarily used by
the scientific community, which can be a limitation for government entities and the
private sector. A total of 6.6% of springs are in the category of low priority, 14.2% in
the medium category, and 79.2% in the high category. These percentages are strongly
related to the weight assigned to the spring water use factor (relative weight 0.5943).
The analysis of the 79.2% of springs with high priority, in relation to access routes
as well as the dangerous zones due to crime, resulting in the selection of 20 springs
distributed homogeneously in the ABC in order to optimize economic resources in
the quality analysis. These springs could be considered by CONAGUA (commission
in charge of water resources management in Mexico) to propose a quality monitoring
network at the aquifer level.

2. Spring water is slightly alkaline, with TDS ranging from 20.52 to 230.5 (dry season)
and 1.2 to 257 mg/L (rainy season). In relation to the normative standards of water for
human consumption [62,63], the springs exceeded the maximum permissible limits
by 100% for fecal coliforms, 25% for nitrates, 5% for sulfates, 5% for iron, and 5% for
cadmium.

3. Polluted water represents a risk to human health due to water ingestion and/or
dermal exposure. There is a higher non-carcinogenic risk by the oral route in children
(with an average HI value of 0.6371) and a higher risk by the dermal route in adults
(with an average HI value of 1.2378). The highest dermal risks are located in the
south-southeast of the study area. However, the approaches used in this study contain
some potential uncertainties. The RfD obtained from the USEPA could not be specific
for Latin America; in addition, the application of the average concentration of each
element to assess the level of risk to health in the inhabitants of the place was based
on a point sampling of the sites.

4. The human health risk from fecal coliforms was medium in the dry season and
high in the rainy season. The recommendations are based on the following: in situ
treatment such as boiling or chlorination of the water would be the most cost-effective
actions to overcome the problem, intensification of the monitoring quality capacity,
inventory/relocate pollution sources that are upstream of the springs and protect the
places where the springs emanate in order to avoid gastrointestinal diseases. Finally,
the results of this research will serve to improve groundwater management while
optimizing the economic resources invested in the ABC water quality sampling. This
methodology can also be applied to other aquifers in the country by the authorities in
charge, CONAGUA in Mexico.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15101863/s1. Springs location in the ABC (table name: Inven-
tory_Springs) and tables: in situ parameters, fecal coliforms, majority ions and PTE during the dry
and rainy season (May and August 2022).
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