Environ Geochem Health (2025) 47:114
https://doi.org/10.1007/s10653-025-02421-z

ORIGINAL PAPER

q

Check for
updates

Geochemistry of some fluoride and nitrate enriched water
resources from the Oriental Basin: a prospective health risk
hotspot from eastern-central Mexico

Priyadarsi D. Roy

- Oscar Agesandro Garcia-Arriola - Sekar Selvam -

Irma Gabriela Vargas-Martinez - José Luis Sanchez-Zavala

Received: 5 July 2024 / Accepted: 25 February 2025 / Published online: 13 March 2025

© The Author(s) 2025

Abstract In attention to the Sustainable Develop-
ment Goal 6, the quality evaluation of water resources
in Mexico is limited compared to other regions. This
study provided new data from Oriental Basin, an
important socio-economic region with up to 20%
population growth over the last decade by assessing
groundwater from the Libres-Oriental aquifer (Ca—
Mg-HCO; facies; F7: 2.5-9.9 mg/L; NO;™: up to
75.3 mg/L) and water from the Totolcingo Lake (Na—
Cl facies; F7: 12.7-13.2 mg/L; NO;:<0.75 mg/L).
Fluoride content grouped about 80% groundwater
samples as promotor of dental and skeletal fluorosis.
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Nitrate Pollution Index suggested moderate pollution
in 20% and very significant pollution in 10% ground-
water samples. Possible exposure of older adults and
elderly pregnant women to fluorosis from all the
groundwater samples (Hazard Quotient> 1) from the
Oriental Basin and 55% of them might also be caus-
ing fluorosis in infants suggest a potential health risk
hotspot in the eastern-central Mexico. Even though
all the groundwater samples did not contain enough
NO;™ to cause methemoglobinemia, their boiling for
drinking could enhance nitrate content beyond the
WHO limit. Thus, the mitigation techniques might
diminish the health risks in consuming population.

Keywords Ion chemistry - Drinking water quality
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Introduction

About 2.2 billion global population, mostly from
the developing countries, presently lacks access to
the safe drinking water due to recurrent droughts,
and because almost 80% of the untreated wastewater
is allowed to flow back into the ecosystem (United
Nations, 2023). Thus, the Sustainable Development
Goal 6 (SDG 6), as part of the 2030 agenda, provides
the blueprint for ensuring availability of safe water
and sustainable management of the water resources.
However, the usual pollutants like fluoride (F~) and
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nitrate (NO;7), both from the geogenic and anthro-
pogenic sources, have been consistently affecting
the water quality across the globe. The World Health
Organization (WHO) has recommended F~ below
1.5 mg/L and NO;™ below 50 mg/L for the safe con-
sumption as the drinking water with both contami-
nants above the recommended values could cause
dental/skeletal fluorosis as well as birth defect, blue-
baby syndrome (methemoglobinemia) and lower 1Q
levels (Abascal et al., 2022; Alarcon-Herrera et al.,
2020; Kimambo et al., 2019; Shaji et al., 2024).

In a state-of-the-art global fluoride hazard map
with over 400,000 measurements in groundwater,
Podgorski and Berg (2022) observed health risk
hotspots in the central Australia, western North
America, and eastern Brazil and that up to 59% of
total population in Asia and up to 46% of total pop-
ulation in Africa consume drinking water with high
fluoride. Around 0.3% population of North America
are exposed to groundwater with F~ > 1.5 mg/L and
around 20 million people, including 6.5 million chil-
dren in Mexico, are exposed to F-enriched water
(Alarcon-Herrera et al., 2020; Podgorski & Berg,
2022). About 3 million people of Mexico presently
reside within 5 km of a fluoride enriched groundwa-
ter well (Alarcon-Herrera et al., 2020). It has led to
dental and skeletal fluorosis and even osteosclerosis
in the higher concentrations (F~ >4 mg/L) (Kimambo
et al., 2019; Ochoa-Rivero et al., 2023; Shaji et al.,
2024; WHO, 2017). Some of the anthropogenic
sources such as phosphatic fertilizer, coal combus-
tion, aluminum smelting, and cement manufacture
contribute fluoride to the water resources (Dey et al.,
2012; Shaji et al., 2024). The principal mechanism for
fluoride enrichment, however, is chemical weathering
of the volcanic lithologies (rhyolite, ignimbrites, ash
of variable compositions, and glasses), metamorphic
rocks and limestone with fluoride-bearing minerals
(Navarro et al., 2017; Reyes-Gomez et al., 2017; Roy
et al., 2022; Shaji et al., 2024). Under the conditions
of prolonged droughts and alkaline environments,
the F-bearing minerals release F~ into Na* enriched
water resources (Alvarez & Carol, 2019; Crundwell,
2017; Shaji et al., 2024).

In contrast, the contribution of nitrate from geo-
genic sources is negligible as it is principally derived
from the anthropogenic sources, such as nitrogen-rich
fertilizers used in agriculture, contamination from
poorly treated domestic and industrial wastewater,
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leaching from the livestock manure and landfill sites
into surface and groundwater, as well as the inad-
equate sanitation management in developing coun-
tries (Abascal et al.,, 2022; Kapembo et al., 2016;
Tokazhanov et al., 2020). About 30 regions in Africa,
20 in Asia, and 9 in Europe are in a critical situation
from the nitrate contamination (Abascal et al., 2022).
Exposure to high nitrate (>50 mg/L) could cause
methemoglobinemia, thyroid or cancer, hyperten-
sion, diabetes, spontaneous abortion, respiratory tract
infection and change in the immune system (Fewtrell,
2004; Gupta et al., 2000; Martinez et al., 2017; Toka-
zhanov et al., 2020).

In Mexico, the surface water resources provide
60.6% and groundwater contributes 39.4% of the total
consumptions, and both have increased by 23% and
42%, respectively, over the last two decades due to
the swelling demands from agriculture, public sup-
ply and industry (CONAGUA, 2022). Lake Chapala
with a storage capacity of 8126 hm? (cubic hectom-
eters) presently stores less than 4871 hm?® due to the
climate change and only 378 aquifers out of the total
653 aquifers in Mexico are in surplus conditions
due to persistent droughts over the last two decades
(CONAGUA, 2022). The water quality studies in
Mexican rivers and lakes are scarce. For example, the
study of Gradilla-Hernandez et al. (2020) reported
that the Lake Cajititlan of western Mexico received
excess fertilizer runoff from the nearby agricul-
tural camps and approximately 2.3 hm*/yr of poorly
treated wastewater. Roy et al. (2023) observed up to
4.3 mg/L of fluoride in water samples from the Lake
Coatetelco of central-southern Mexico. In compari-
son, the groundwater resources are better monitored
and the data from wells in several semi-arid and arid
states (annual precipitation <700 mm) in central and
northern Mexico (San Luis Potosi, Zacatecas, Chi-
huahua, and Sonora) showed up to 29.6 mg/L of F~,
i.e., about 20-fold higher than the WHO recommen-
dation (Alarcon-Herrera et al., 2020). About 65%
groundwater samples from the semi-arid Chihuahua
City contained F~ above the WHO guideline (Ochoa-
Rivero et al., 2023) and groundwater chemistry from
the Independent Basin of central Mexico showed up
to 15.5 mg/L of F~ (LaFayette et al., 2020). Roy et al.
(2021) observed F~>1.5 mg/L in 20-25% wells in
the El Potosi and Sandia basins of northeast Mexico.

Similarly, the nitrate content in wells of Lin-
ares (average: 80 mg/L) was sourced mainly from
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the urban, agricultural, and livestock activities (de
Le6n-Gomez et al., 2020). More than 25% sam-
ples of the Mezquital and Toluca Valley and 32%
of groundwater wells in the Comarca Lagunera had
NO;™ above 50 mg/L (de Oca et al., 2019; Esteller
et al., 2017; Torres-Martinez et al., 2021). However,
the water quality monitoring needs to expand and
cover all the surface water bodies as well as aquifers
for more effective mitigation and management strat-
egies. Methemoglobinemia risk from the water con-
sumption is minimal compared to the more preva-
lent fluorosis risk in Mexico (Calleros et al., 2012;
Betancourt-Lineraes et al., 2013; ENCD, 2018). The
National Dental Caries Survey of 2001 observed an
overall fluorosis prevalence of 27.9% in 27,000 stu-
dents of 12 and 15 years old with the highest value
registered in Durango state (87.5%) and prevalence
of more than 50% in the arid states of Baja Califor-
nia, San Luis Potosi, Zacatecas and Aguascalientes
(Betancourt-Lineraes et al., 2013). The survey of
2011-2014, however, revealed a changed scenario
about dental fluorosis with>50% prevalence in more
humid states of Yucatan, Veracruz, Tamaulipas, Oax-
aca and Chiapas (ENCD, 2018). The survey of 2001
indicated an overall caries prevalence of 32.9% in the
Puebla state of eastern-central Mexico, and its subse-
quent increase to>50% in the survey of 2011-2014,
i.e., after a decade (ENCD, 2018).

This study attempts to evaluate the water qual-
ity in terms of fluoride and nitrate enrichments from
the deficit Libres-Oriental aquifer and the Totolcingo
Lake in Oriental Basin of the Puebla state, a region
of socio-economic importance, for their suitability
as drinking water resources and estimate the possible
non-carcinogenic health risks for infants, children,
older adults, and vulnerable pregnant women from
the hazard quotient (HQ) values and by estimating the
nitrate pollution index as well as the drinking water
quality index (DWQI). The physicochemical charac-
teristics were related with the internationally accepted
WHO guidelines to contribute to the water quality
database comparable in a global-scale.

Study area
The Oriental Basin (Puebla state) of Mexico is a

volcano-sedimentary basin and it is limited by the
Trans Mexican Volcanic Belt in the east, mountains

of the Sierra Madre Oriental and coastal plains of the
Gulf of Mexico in the north and east, and mountains
of the Sierra Madre del Sur in the south (Fig. 1). It
has mostly semi-arid temperate climate (CONAGUA,
2023). Data of 1981-2010 from the meteorological
stations of the National Meteorological Service of
Mexico at Villa de El Carmen (west), San Luis Atex-
cac (east) and Tepeyahualco (north) registered aver-
age annual precipitation between 454 and 500 mm
from 56 to 78 days/year, with>75% of them occur-
ring in the summer and autumn months (May-and-
September), and more than threefold higher annual
evaporation (1580-1889 mm; source: https://smn.
conagua.gob.mx/es/climatologia/informacion-clima
tologica/informacion-estadistica-climatologica).

Geology of this basin is considered from the Mexi-
can Geological Service maps, and it shows outcrops
of Mesozoic to Cenozoic sedimentary rocks, such
as limestone, sandstone and alluvial-lacustrine sedi-
ments, as well volcanic lithologies, such as rhyolite,
andesite, basalt, and diorite in the basin (Fig. 1A,
Servicio Geologico Mexicano, 2011a, 2011b, 2012).
Limestone (Albian-Cenomanian) is the oldest sedi-
mentary unit with outcrops in northern, northeastern,
south-central and southeastern portions of the basin.
It is stratified with bands of black chert and shale.
The Cenozoic lithologies are represented by andesite,
andesitic tuff, rhyolite and rhyolite tuff from the mag-
matic events of the Trans-Mexican Volcanic Belt and
an intrusion of diorite. The Quaternary deposits are
made up spills and basaltic breccia and products of
the monogenetic cones and the Los Humeros volcanic
field as well as the unconsolidated lacustrine and allu-
vial deposits (CONAGUA, 2023). The most outstand-
ing structural features correspond to a system of folds
and NW-SE thrusts at the northwestern basin margin
(CONAGUA, 2023).

The Libres-Oriental aquifer and the Totolcingo
Lake are two important hydrological resources in
the endorheic Oriental Basin with centrifugal sub-
dendritic and rectangular drainages with its recharge
areas on the volcanic and sedimentary mountain
ranges. The surface runoff is intermittent and scarce
with seasonal streams from the northwest bring-
ing runoff to the lake. This aquifer is unconfined to
semiconfined, heterogenous, and anisotropic with
a surface area of ca. 3995 km? and it belongs to the
administrative hydrological region Balsas (region IV,
Mexico). It is comprised of unconsolidated alluvial
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Fig.1 A Map showing location of groundwater wells and
samples from Totolcingo Lake in the Oriental Basin of eastern-
central Mexico and some other discussed sites. Photographs

and lacustrine deposits as well as volcanic rocks
in the upper part and limestone in the lower part
(CONAGUA, 2023). Its static level varies between
5 and 160 m, and the over-extraction of groundwa-
ter in last two decades has reduced the static level
at 0.3-0.6 m/year in different parts of the basin.
Hydraulic transmissivity of this aquifer is variable
with 0.01-13.70x 10~ m?%/s. Higher annual extrac-
tion (157.9 hm?) compared to the annual recharge
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showing harvesting of tomatoes along with poultry manure
heaps in the background as fertilizer (B) and application of
synthetic fertilizer in an agriculture field (C)

(137.4 hm®) characterizes its deficit nature (CONA-
GUA, 2023). A significant 16% of the extraction is
used for rural-urban consumptions through the public
supply and about 81.4% of the extracted groundwater
is presently used for agricultural needs (CONAGUA,
2023). The Totolcingo Lake is still perennial but pres-
ently reduced to a shallow water body (<1 m) with
a coverage of about 50 km? during the high stand. It
has a maximum length of ca.12.5 km and maximum
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width of ca. 5 km in a NE-SW orientation in central
part of the basin (Fig. 1A). The static level remains
below 5 m under the lake, suggesting the connection
between lake and aquifer during the wet seasons. Both
the groundwater as well as surface water is presently
used by 117,463 inhabitants residing in five surround-
ing municipalities and all these municipalities have
witnessed between 11 and 20% of population growth
over the last decade (source: www.datamexico.org).

Sampling and analysis

Most of the precipitation (>75%) in Oriental Basin
occurs between May and September, and the month
of April is characterized by above average tempera-
ture (15.5-16.4 °C; average annual 13.9-14.5 °C)
and minimal rainfall (29-36 mm; average annual
454-500 mm). Water samples were collected in PTFE
(Polytetrafluoroethylene) bottles from 20 ground-
water wells (COR-1 to COR-20) with water depths
between 5 and 60 m in the Libres-Oriental aquifer
after the pump purging and 3 water samples from the
Totolcingo Lake (LTO-1 to LTO-3) in April 2022
(prior to the rainy summer-autumn) as the objective
was to evaluate their physicochemical characteris-
tics in an enriched state and assess the health risks
through F~ and NO;™ consumptions (Fig. 1A). All the
groundwater wells sampled in this study are used for
irrigation and consumption. Electrical conductivity
(EC), total dissolved solids (TDS) and Hydrogen ion
concentration (pH) were measured in the field with a
portable instrument (Hanna HI 98130), and the sam-
ples were subsequently transported under 4 °C to the
laboratory for the analyses of ion chemistry and the
stable isotopes of oxygen and hydrogen.

In field quality control procedures included the
collection of samples in duplicates and their trans-
portation in refrigeration. A pair of PTFE bottles
with (type I) water from the Milli-Q system rep-
resented the blanks and they were carried during
the entire sampling expedition to detect any pos-
sible contamination. Samples were filtered through
0.45-micron pore size nylon membranes prior to the
analysis and the autosampler was rinsed with type
I water to avoid cross contamination between each
injection. The cation (Na*, Ca?*, Mg*", K* and
NH,) and anion (HCO,~, CI~, SO,*~, NO;~ and

PO,*>") concentrations were measured in a Waters
liquid chromatograph comprising of binary pump
(Model 1525), auto sampler (Model 717 plus) and
conductivity detector (Model 432) as per Zamora-
Martinez et al. (2016). Contents of F~ were esti-
mated in an ion-selective electrode (HANAA instru-
ments) combined with a PC 700 (Oakton) benchtop
pH/conductivity meter. Six NIST certified high
purity standard reference materials (i.e., IC-4-100,
IC-1-A-100, IC-1-3-100, IC-1-A-100 etc.) and the
certified methods under the Mexican and Interna-
tional norms (ISO-9001 and ISO-17025) helped in
the quality control parameters. Duplicate samples
were also measured after every 10 analyses, and
the accuracy was evaluated with the calculation
of expanded uncertainty at 95% confidence level
(U,,p)- This parameter was determined for each ion
considering the information generated when car-
rying out complete validation of the method (i.e.,
repeatability, reproducibility, robustness, sensi-
tivity, selectivity, linear and working range, limits
of detection and quantification) in addition to the
uncertainties of the references used to prepare the
calibration curves. For example, the U,,, of Na* in
lake water varied between 372 and 429 mg/L. and
in groundwater between 0.59 and 58.07 mg/L. Sim-
ilarly, the U,,, of C1I” was 237-246 mg/L for lake
water and varied between 0.14 and 71.46 mg/L for
the groundwater.

Compositions of 8'80 and 8°H were estimated in
4 groundwater samples from the lake proximity and
all lake water samples (n=3) in a Liquid Isotope
Analyzer (Los Gatos model) using the international
references of V-SMOW 2 and SLAP and the inter-
nal working standard (LGR) of Los Gatos Research
(8'80: 19.50 +0.15 %o; 8°H: — 154.3 £0.5 %o0). The
objective was to infer the influences of precipita-
tion/evaporation and other sources of moisture recy-
cling on the surface and groundwater chemistry and
their possible interactions in the sampling season.
The references and internal standard were measured
in the beginning and after every 7 samples by fol-
lowing Coplen (2014). All results were expressed
after normalizing with respect to V-SMOW, and
the deuterium (d) excess was calculated as d = 87 H-
85'%0. Supplementary Table 1 presents physico-
chemical parameters, ion chemistry and stable iso-
tope composition of the water samples.
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Data analysis procedures
Drinking water quality

The drinking water suitability was evaluated by first-
hand comparison of major ion concentrations with
the recommended WHO guidelines (WHO, 2017).
Drinking water quality index (DWQI) assessed the
similarities of physicochemical parameters of water
samples with WHO limits through a mathematical
computation by assigning different weights (wi) and
relative weights (Wi) as suggested by Jesuraja et al.
(2021), Ahsan et al. (2023) and Patel et al. (2023).
Critical water quality parameters, such as TDS, CI~,
SO,>~, NO;~ and F~, were allotted the maximum
weight of 5, and similarly the minimum weight of 1
was assigned to HCO;~ NH,* and PO,* (e.g., Tiwari
et al., 2017; Vasanthavigar et al., 2010). Other param-
eters, such as pH (3), Ca** (3), Mg** (3), Na* (4), and
K* (2), were assigned weights varying between 2 to 4
(Verma et al., 2020).

The relative weight (W,) of each parameter (pH:
0.069; TDS: 0.115; HCO,™: 0.023; CI™: 0.115; SO,*™:
0.115; NO;™: 0.115; Ca**: 0.069; Mg**: 0.069; Na*:
0.092; K*: 0.047; F: 0.115; NH,*: 0.023; PO,*":
0.023) was calculated using the Eq. (1):

Wi =

Ziwi W

where w; is the weight of each parameter and n is the
number of parameters.

A quality rating scale (q;) for each parameter was
calculated as per the Eq. (2):

qi = —2 x 100 )

where qi is the quality rating scale, C; is concentration
of each chemical parameter in each water sample in
mg/L and S; is the standard for each chemical param-
eter in mg/L as per the WHO (2017) guidelines.

Finally, the DWQI was estimated using the value
of SI, in the Eq. (3):

DWQI = ) SIi(= w/q,) 3)

i=1

where SI; is the sub-index of i" parameter, q; is the
rating based on concentration of i parameter, n is the
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number of parameters. It groups the samples into five
different categories, such as excellent (DWQI < 50),
good (DWQI: 50-100), poor (DWQI: 100-200), very
poor (DWQI: 200-300) and unsuitable (DWQI > 300)
for drinking as suggested by Hamma et al. (2024) and
Sanad et al. (2024).

Fluoride indigestion value

The guidelines from both Mexico (Alarcén-Herrera
et al.,, 2020) and WHO (WHO, 2017) suggested
1.5 mg/L as the maximum allowable limit of fluo-
ride in the drinking water. Groundwater and lake
water samples were classified based on the sug-
gested categories of fluoride ingestion as per Dis-
sanayake (1991) and Adimalla et al. (2019b). This
classification groups samples with F~ <0.5 mg/L
as conducive to dental caries, between 0.5 and
1.5 mg/L as favorable for good dental and skeletal
health, 1.5-4 mg/L as promotor of dental fluorosis
in children, 4-10 mg/L as promotor of both dental
and skeletal fluorosis and>10 mg/L. as possible
health risk from crippling skeletal fluorosis.

Nitrate pollution index

In the context of WHO guidelines for drinking
water quality, the maximum acceptable value of
nitrate is 50 mg/L (WHO, 2017). The levels of pol-
lution were estimated by calculating the Nitrate Pol-
lution Index (NPI) with the following formula (e.g.,
Panneerselvam et al., 2020; Li et al., 2023; Karuna-
nidhi et al., 2024).

Cs —TVN
TVN

NPI =

where Cs represents the nitrate content in water and
TVN is the threshold value of nitrate.

Nitrate content up to 10 mg/L is considered natu-
ral and above it indicates contamination (Xiao et al.,
2022). Therefore, the TVN value to calculate NPI
is represented here by 10 mg/L (Das et al., 2023).
NPI categorizes the samples as unpolluted or clean
(NPI<0), slightly polluted (NPI: 0-1), moderately
polluted (NPI: 1-2), significantly polluted (NPI:
2-3) and very significantly polluted (NPI> 3).
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Health risk assessment

The health risk is estimated from intake of F~ and
NO;™ through the drinking water pathway for the
more vulnerable population groups in the region by
assessing the impacts on 6-month infant, 11-year-
old child, 78-year older adult and 45-year elderly
pregnant woman by following the recommendation
of United States Environmental Protection Agency
(USEPA, 2004). The non-carcinogenic risk for each
age group was estimated by calculating the aver-
age daily exposure dose (DE) through ingestion of
groundwater and lake water [mg/kg/day] by using
the formula of USEPA (2004) (e.g., Adimalla et al.,
2019a; Karunanidhi et al., 2020; Subba Rao et al.,
2020; Sabino et al., 2022):

Cp X IR X ED X EF
DE =
AB x AE

where Cp is pollutant concentration (mg/L), IR is
ingestion rate per unit time (infant: 1.104 L/day;
children: 1.258 L/day; older adults: 3.229 L/day
and pregnant women: 2.935 L/day; USEPA analysis
2019 data at 95th percentile (ATSDR, 2023)), ED is
exposure (year) duration (infant: 0.5; children: 11;
older adults: 78: pregnant women: 45 years; ATSDR,
2023), and EF is exposure frequency (365 days/year;
Subba Rao et al., 2020). We considered the average
body weight (AB) as recommended by the Agency
for Toxic Substances and Disease Registry with
7.4 kg for infants, 31.8 kg for 11-year child, 80 kg for
older adult and 73 kg for pregnant woman. AE is the
average age (day) exposure time (infant: 2701; child:
11,606; older adult: 29,198 and pregnant woman:
26,644 days; ATSDR, 2023).

The hazard quotient (HQ) was applied to evaluate
risk from the consumptions of fluoride and nitrate in
water samples using the equation:

DE
HQ = )
where HQ is the hazard quotient for fluoride and
nitrate, and it measures the non-carcinogenic chronic
hazard, and RfD represents the reference dose for
chronic oral exposure (mg/kg/day) to both the pollut-
ants (F: 0.06 mg/ kg/day; NO;™: 1.60 mg/ kg/day;
Alarcon-Herrera et al., 2020). Finally, the Total Haz-
ard Quotient Index (THQI) of non-carcinogenic risk

was evaluated by adding the values of HQggyige and
HQnitrate:

THQI = HQﬂuoride + HQnilrale

The samples with HQ and THQI above 1 may
cause non-carcinogenic risk and they are considered
inappropriate for ingestion. Samples with HQ and
THQI below 1 are considered safe for consumption
(e.g., He et al., 2019; Sabino et al., 2022).

Results and discussion
Geochemical process and facies
Groundwater

Groundwater (n=20) with variable pH (6.5-9.1) and
TDS (145-1270 mg/L) showed more heterogeneity in
a Piper trilinear plot (Table 1, Fig. 2). The samples
were classified as Ca-Mg-HCOj; facies with the anion
triangle showing dominant HCOj;-type and the cation
triangle indicating Ca type (Fig. 2). This chemical
facies mirrors interactions with limestone in deeper
part of the aquifer and Ca-bearing (i.e., feldspars)
volcanic lithologies, such as basalt and andesite, in
the shallow part (e.g., Servicio Geologico Mexicano,
2011a, 2011b, 2012; CONAGUA, 2023). The organic
matter oxidation in topsoil might have also contrib-
uted additional HCO;™. Interactions with the lime-
stone, volcanic deposits and organic matter-bearing
topsoil influenced the chemical facies (e.g., Eugster &
Hardie, 1978). Generally lower Na+ K/(Na+ K+ Ca)
values in Gibbs diagrams, however, reflected the
dominant interaction with limestone (Fig. 3; Marandi
& Shand, 2018). Higher CI/C14+HCO; in some sam-
ples could be indicative of the irrigation return-flow
causing CI~ enrichment (e.g., Park et al., 2018). The
samples with C1™ up to 262.3 mg/L were collected
from wells near the agricultural fields. Additional evi-
dence of the return flow could be the higher nitrate in
wells with lower static levels and lower nitrate con-
tents in wells with higher static levels. For example,
the well COR-2 with NO;™>50 mg/L has a static
level of ca.10 m and the well COR-16 with nitrate
below the detection limit has a static level of ca.30 m
(Fig. 1A).
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Table 1 Summarized physico-chemical parameters of groundwater and water from the Totolcingo Lake in Oriental Basin (eastern-

central Mexico) with respect to WHO (2017) recommended values

Groundwater (n=20) Lake water (n=23) WHO (2017)
Min-Max Avg > permissible Min-Max Avg > permissible
limit, number (%) limit, number (%)

pH 6.5-9.1 7.5 1 (5%) 9.6-9.7 9.7 3 (100%) 6.5-8.5
EC (uS/cm) 290-2560 1265 9 (45%) 40,200-44,200 42,033 3 (100%) 1500
TDS (mg/L) 145-1270 632 5(25%) 20,100-22100 20,900 3 (100%) 1000
Ca** (mg/L) 21.1-242.5 1123 9(45%) 3542 39 0(0%) 75
Mg?* (mg/L) 8.8-154.6 65.1 11 (55%) 4.0-7.3 52 0 (0%) 50
Na™ (mg/L) 17-268.6 73.2 1(5%) 10,679-12300 11,422 3 (100%) 200
K* (mg/L) 2.9-20.3 8.7 4 (20%) 1377-1549 1439 3 (100%) 12
HCO;™ (mg/L)  128-13459 623.8 13 (65%) 12,137-14,823 13,516 3 (100%) 300
Cl™ (mg/L) 4.3-262.3 82.2 1(5%) 6904-7662 7316 3 (100%) 250
S0,2~ (mg/L) 3.4-374.9 1023 3(15%) 3808-4312 3992 3 (100%) 250
NO;™ (mg/L) <LD (0.75)-75.3 14.1 2 (10%) <LD (0.75) - - 50
F~ (mg/L) 2.5-99 6.5 20 (100%) 12.7-13.2 13.0 3 (100%) 1.5
NH,* (mg/L) <LD (0.5)-7.9 2.1 7 (35%) <LD (0.5) - - 1.5
PO~ (mg/l) <LD (0.75)-52.5 7.2 13 (65%) 102-126 114 3 (100%) 0.5

Sample numbers and sample % above the permissible limits for each parameter are presented (LD: limit of detection)

Anion facies

Fig. 2 A trilinear Piper 5 =
diagram showing the Cation facies A
hydrochemical facies of Lake
groundwater and lake water A Magnesum type
samples from the Oriental B Calcium type
Basin in eastern-central
Mexico C Sodium type
D No dominate type

fr—
Calcium (Ca)
CATIONS
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HCO3+CO 3

%meq/

E Sulfate type

F Bicarbonate type
G Chloride type

H No dominate type

Chloride (CI)
ANIONS
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Fig. 3 Gibbs diagrams showing the influences of precipitation, evaporation, and rock-water interaction on hydrochemistry of
groundwater and lake water from the Oriental Basin in eastern-central Mexico

The ranges of 880 (= 12.97%¢ to — 7.00%o)
and 8”H (- 90.60%0 to — 56.10%¢) located the
groundwater samples along tendencies of the
global meteoric water line (GMWL, Craig, 1961)
and a local meteoric water line (LMWL, Sanchez-
Murillo et al., 2023), representing the precipitation
(8°H=7.98"%0+11.2, n=38, 2018-2021) at Verac-
ruz, i.e., ca. 155 km east of the Oriental Basin at the
Gulf of Mexico coast (Fig. 4). Except for one sam-
ple (= 0.10%o), the d-excess values (8.90-13.20%o)
were comparable to the average global precipitation
(+ 10%o; Clark & Fritz, 1997) as well as local pre-
cipitation (+ 11.2%o; Sanchez-Murillo et al., 2023).
Similar to the observations in Gibbs diagram,
the stable isotope characteristics (6180, 8°H and
d-excess) did not indicate the influence of evapora-
tion on the groundwater chemistry. Variation of ca.
4%o in d-excess reflected the moisture recycling on
precipitation through the terrestrial evapotranspira-
tion, sub-cloud raindrop re-evaporation, net rainout,
recharge region altitude and sea-surface tempera-
ture (Clark & Fritz, 1997; Cui et al., 2017; Natali
et al., 2022; Pfahl & Sodemann, 2014; Wassenaar
et al., 2009; Xia & Winnick, 2021).

150 ~
®m Groundwater, n=4
¢ Lake water, n=3
100 4 —— LMWL (Sanchez-Murillo et al., 2023)
—— GMWL (Craig et al., 1961)
50 - e
= :
o
»
I 09
3
I
o -50
-100 A
-150 T —T T T T T 1
-20 -15 -10 -5 0 5 10 15

50 (%0) V-SMOW

Fig. 4 Distributions of §'80y,q vs. 8°Hyo in groundwater
(n=4) and water from the Totolcingo Lake water (n=3) in
the Oriental Basin of eastern-central Mexico with respect to
the local meteoric water line (LMWL; Sanchez-Murillo et al.,
2023) and global meteoric water line (GMWL; Craig, 1961).
The local meteoric water line represented precipitation at Ver-
acruz (Mexico) between 2018 and 2021
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Lake water

The lake water (n=3), characterized by alka-
line pH (9.6-9.7, Table 1) and very high TDS
(20,100-22,100 mg/L), were homogeneous in the
trilinear Piper (1944) plot and represented the Na-Cl
facies (Fig. 2). Distributions of cation classified them
as Na-type and the anions grouped them as Cl-type.
Both the Gibbs (1970) plots suggested influence of
evaporation on the hydrochemistry (Fig. 3). Enrich-
ment of heavy isotopes (5'%0: 10.98-11.08%;
8°H:47.4-50.4%0) through extreme evaporation in
Totolcingo Lake was also supported by the physi-
cal parameter and ion compositions. The lake water
showed several fold higher salinities and concentra-
tions of Na*, CI~ and SO,>~ compared to the ground-
water (see Table 1). For example, the average Na*
and CI~ concentrations in lake water were 156-fold
and 89-fold higher than the groundwater, respectively.
The average TDS of lake water was 33-fold higher
compared to the groundwater. The lake water samples
on a local evaporation line and their depleted d-excess
values (— 40.80 to — 38.20%0) compared to the pre-
cipitation (GMWL and LMWL) and groundwater
also reflected the dominance of evaporation on sur-
face water (Fig. 4 and Table 1). Similar to this study,
the water from Cona Lake in Tibetan Plateau with
depleted mean d-excess (— 7.5%o) reflected the influ-
ence of evaporation (Cui et al., 2017). The depleted
d-excess (— 40.05%o0 to — 17.99%0) in water from
the Lake Coatetelco (Mexico) also reflected vari-
able degrees of evaporation in different seasons (Roy
et al., 2024). Deviation of lake water with enriched
5'0 and 8”H from the groundwater suggested lack
of surface water and groundwater interaction during
the sampling season (i.e., prior to the rainy summer-
autumn). It is also supported by their significantly dif-
ferent physicochemical characteristics (Table 1). The
chemical facies of lake water (Na-Cl) and groundwa-
ter (Ca-Mg-HCO; Fig. 2) are also different.

Drinking water suitability

Groundwater

Generally, the pH (6.5-9.1) remained within the per-
missible limit for drinking as per the WHO guide-

lines, except for one well (Table 1). EC (290-2560
puS/cm) above the WHO recommended value (> 1500

@ Springer

pS/cm) in 45% samples and TDS (145-1270 mg/L)
above the WHO permissible limit (>1000 m/L) in
25% of samples showed more dissolved ions from
the rock-water interaction. Compared to the observa-
tions of Can-Chulim et al. (2011), the groundwater of
this study was relatively more acidic with an average
pH of 7.5 and more conductive with an average EC
of 1265 pS/cm. In the groundwater samples collected
in March 2008 from 25 wells in the Oriental Basin,
Can-Chulim et al. (2011) reported pH between 7.8
and 9.1 and EC between 190 and 1833 pS/cm.

About 65% samples also had
HCO;~ (128-13459 mg/L), 55% samples had
Mg>* (8.8-154.6 mg/L), and 45% samples had
Ca’* (21.1-242.5 mg/L) above the WHO recom-
mended values (Aragaw & Gnanachandrasamy, 2021;
Badeenezhad et al., 2020). More bicarbonate, calcium
and magnesium in these samples showed the effect of
limestone dissolution as well as chemical weathering
of volcanic lithologies (e.g., Chung et al., 2020; Eug-
ster & Hardie, 1978). PO43_ with concentrations up
to 52.5 mg/L and 65% samples above the permissi-
ble value (>0.5 mg/L) reflected attribution of differ-
ent anthropogenic activities, such as the application
of fertilizers (including the extensive usage of poul-
try manure) and pesticides in agriculture and the dis-
charge of domestic sewage and industrial wastewater
(e.g., Huang et al., 2020; Zhou et al., 2022; Table 1).
Dissolution of phosphate-bearing minerals (fluorapa-
tite, hydroxyapatite and carbonate-fluorapatite) as
well as the influence of alluvial-lacustrine sediments
containing peat and organic matter might also have
contributed some of the phosphate (e.g., Fayiga &
Nwoke, 2016; Liu et al., 2020; Zhou et al., 2022).
Concentration of NH,* up to 7.9 mg/L (> 1.5 mg/L in
35% samples) was not directly relevant but could lead
to free chlorine reduction and chloramines formation

(WHO, 2017).
Between 5 and 20% samples had Na®
(17-268.6  mg/L), K*' (29203 mg/L),

Cl™ (4.3-262.3 mg/L) and SO,*7(3.4-374.9 mg/L)
above the permissible limits. All the samples (100%,
n=20), however, had fluoride (2.5-9.9 mg/L) above
the recommended 1.5 mg/L. Based on the classifica-
tion of Dissanayake (1991) and subsequently used in
case studies by Adimalla et al. (2019b), about 20%
groundwater samples (n=4) from the Oriental Basin
were categorized as possible promotor of dental
fluorosis (F: 1.5-4 mg/L) and 80% (n=16) samples
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as promotor of both dental and skeletal fluorosis (F:
4-10 mg/L) (Table 2, Fig. 5). The groundwater of
Zacatepec aquifer in central-southern Mexico (region
IV, Balsas) with up to 8.7 mg/L of F~ and in the
Chihuahua state with up to 6 mg/L of fluoride were
also promotors of both dental and skeletal fluorosis
(Reyes-Gomez et al., 2017; Roy et al., 2023).

NO;~ remained above the permissible limit of
WHO (> 50 mg/L) in only 10% samples (Fig. 6). It is
a common anthropogenic pollutant sourced from the
application of fertilizers, and the irrigation by sew-
age effluents and unsewered sanitation (Badeenezhad
et al., 2021; Jia et al., 2023; Karunanidhi et al., 2024;
Naik et al., 2022). Abascal et al. (2022) observed that
agriculture, industry, and sewage are the main con-
tributors of NO;™ into the water resources of Mexico.
The samples with nitrate < 10 mg/L (n=13) showed
natural conditions, with minimal human interfer-
ences, and the samples with nitrate between 10 and
50 mg/L (n=35) at western part of the basin, around
some of the villages, indicated anthropogenic impact
possibly from poorly treated domestic discharge and
sewage leakage into the aquifer (Fig. 6, e.g., Mar-
ghade et al., 2015; Subba Rao et al., 2020). Torres-
Martinez et al. (2021) reported NO;™ up to 109 mg/L
in groundwater from the Comarca Lagunera (northern
Mexico) and revealed that the application of manure
contributed about 48%, urban sewage provided ca.
43% and synthetic fertilizers contributed 5% of the
total nitrate contents.

Nitrate Pollution Index (NPI) categorized 65%
(n=13) of the groundwater samples as unpolluted or
clean, 5% (n=1) as slightly polluted, 20% (n=4) as
moderately polluted with NPI of 1-2 and 10% (n=2)
as very significantly polluted with NPI>3 (Table 3,
e.g., Panneerselvam et al., 2021; Karunanidhi et al.,
2024). Different degrees of nitrate pollution in 35%
samples could be from the application of inorganic

100 4
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Fig. 5 Classification (%) of groundwater and lake water sam-
ples from the Oriental Basin in eastern-central Mexico based
on the health effects of fluoride ingestion (e.g., Adimalla et al.,
2019b; Dissanayake, 1991)

nitrogenous fertilizers and manures in the agricul-
tural activity, influence from wastewater disposal and
oxidation of human and other animal excreta in the
septic tanks. Negative correlation between NO;~ and
CI™ (r=- 0.5), however, suggested more influence of
synthetic fertilizers (e.g., ammonium nitrate) com-
pared to the sewage leakages (e.g., Mahlknecht et al.,
2008). The molar ratios of NO;/Cl vs. CI™ concentra-
tion (pmol) also helped to identify the nitrate sources.
Low NO4/CI ratio with high C1™ concentration char-
acterizes the influences of manure and sewage,
whereas the high NO,/Cl ratio with low CI~ concen-
tration shows more contribution from the chemical
fertilizer (Jung et al., 2023; Sanchez-Gutiérrez et al.,
2023). The groundwater samples with different NPI
values showed highly variable CI™ (121-2700 pmol)
and NO,/Cl ratios (0.2-9.4). Both suggested the
influences of fertilizer as well as the manure and
sewage, as this rural part of Mexico lacks adequate
sanitization management. Both the wells (COR-2 and

Table 2 Classification

' . Fluoride concentration  Effect on human health Groundwater, Lake water,
of fluoride contents in n=20 number (%) n=3 number
groundwater and water (%)
from the Totolcingo Lake
(Orlenlt‘;[ Basin, gastf(:jrn— <0.5 mg/L Conducive to dental caries - -
central Mexico) base 0.5-1.5 mg/L Promotes excellent dental health — — -
on human health effects
(Adimalla et al., 2019a, 1.5-4.0 mg/L Dental fluorosis in children 4 (20%) -
2019b; Dissanayake, 1991) 4.0-10.0 mg/L Dental and skeletal fluorosis 16 (80%) -

>10.0 mg/L Crippling skeletal fluorosis - 3 (100%)
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(O NOz<10 mg/L
@ NO;3;10-50 mg/L
@ NO;>50 mg/lL

Fig. 6 Distribution of groundwater wells and water samples from the Totolcingo Lake (Oriental Basin, eastern-central Mexico) with

NO; <10 mg/L, NOj; between10 and 50 mg/L and NO; > 50 mg/L

Table 3 Classification of Nitrate Pollution Index (NPI; Panneerselvam et al., 2021) values of groundwater and water from the Totol-

cingo Lake (Oriental Basin, eastern-central Mexico)

NPI value Class Groundwater, n=20 number (%) Lake water,
n=3 number
(%)

<0 Unpolluted or clean 13 (65%) 3 (100%)

0-1 Slightly polluted 1 (5%) -

12 Moderately polluted 4 (20%) -

2-3 Significantly polluted - -

>3 Very significantly polluted 2 (10%) -

NPI of lake water was <0 as nitrate remained below the detection limit (<0.75 mg/L)

COR-12, Fig. 1A) showing very significant nitrate
pollution (NPI>3) are located close to the agricul-
tural activities (Fig. 1B, C). The industrial activ-
ity in Oriental Basin is represented by pig farming,

@ Springer

poultry farming, food processing, and breweries and
some of them might have also released synthetic
chemicals with high nitrogen and phosphorus into the
groundwater (Source: La Jornada de Oriente, March
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15, 2021). Torres-Martinez et al. (2020) have associ-
ated nitrate pollution in the urban areas of Monter-
rey (northern Mexico) with the sewage leakage and
Rojas-Fabro et al. (2015) associated the above per-
missible nitrate in groundwater of the Merida City
(south-east Mexico) to the domestic wastewater and
agricultural activity.

The heterogenous DWQI values (28-282, avg:
105) grouped about 30% samples (n=6) in poor
category and 10% samples (n=2) in very poor cat-
egory for drinking (Table 4). Only one sample (5%)
was in excellent category with DWQI<50 and 55%
(n=11) samples were in the good category (Table 4).
The well with excellent drinking water quality (COR-
9, Fig. 1), however, contained F~ (9.9 mg/L) above
the WHO guideline. The wells with good quality
drinking water (COR-1, 5, 6, 7, 10, 13, 15, 16, 17,
19 and 20) contained NO;~ below the WHO permis-
sible value (<50 mg/L) but fluoride higher than the
permissible 1.5 mg/L. The poor and very poor drink-
ing water wells (COR-2 and 12) were characterized
by fluoride (9.8 mg/L, COR-18) as well as nitrate
(>50 mg/L) above the permissible values.

Lake water

About 60.6% of the total water consumption in
Mexico is sourced from surface water bodies.
Even through the physicochemical characteris-
tics of lake water in the sampling season were
unsuitable, we evaluated it with the parameters
of groundwater in order to contribute new qual-
ity monitoring data from a surface water body.
This evaluation is useful in a regional context
as the water quality of Lake Cajititlin at west-
ern Mexico is also affected by excess fertilizer
runoff and poorly treated wastewater (Gradilla-
Hernandez et al., 2020) and the Lake Coatetelco in

central-southern Mexico contained more than the
permissible fluoride (Roy et al., 2023). The physi-
cal parameters (pH: 9.6-9.7; EC: 40,200-44,200
puS/cm; TDS: 20,100-22,100 mg/L) and ion con-
centrations (Na*: 10,679-12,300 mg/L; K*:
1377-1549 mg/L; HCO;™: 12,137-14,823 mg/L;
CI™: 6904-7662 mg/L; SO,*": 38084312 mg/L)
of water from the Totolcingo Lake remained above
the WHO recommendations (Table 1; Aragaw &
Gnanachandrasamy, 2021; Badeenezhad et al.,
2020). DWQI values (2540-2677; avg: 2591) cat-
egorized all the samples as unsuitable (Table 4).
Fluoride (12.7-13.3 mg/L) contents were compa-
rable to the water resources showing possible risk
from the crippling skeletal fluorosis (Table 2 and
Fig. 5, Dissanayake, 1991; Adimalla et al., 2019b).
The correlations of F~ with TDS (r=0.8) and Na*
(r=0.6) suggested that the influence of evapo-
ration in enriching fluoride (Adam et al., 2001;
Rafique et al., 2015; Shaji et al., 2024). Enrich-
ment of ions and physical parameters also indicated
the effect of evaporation (e.g., Chung et al., 2020;
Eugster & Hardie, 1978). More evaporation of the
lake water is reflected by enriched values of heav-
ier isotopes of oxygen and hydrogen and their dis-
tributions along the local evaporation line (Fig. 4).
Both fluoride and calcium contents were negatively
correlated (r=— 0.3) in this study. It is reflected
by less Ca’** (3.5-4.2 mg/L) in lake water com-
pared to the groundwater (Ca*": 21.1-242.5 mg/L,
Table 1). Both Handa (1975) and Adimalla et al.
(2019b) have also noted fluoride enrichment in
the calcium-deficient water. Above permissible
PO,> (102-126 mg/L) reflected the pollutant
enrichment through evaporation of the surface water
(Table 1). NPI<O0, however, suggested loss of N
possibly through the processes of ammonia volatili-
zation and formation of gaseous NHj; in an alkaline

Table 4 Classification of

o s DWQI value Categories Groundwater, n=20 Lake water,
drinking water quality index number (%) n=73 number
(DWQI) values estimated (%)
for groundwater and water
frgﬂfl thelTl;’tOJCIHgO Lake <50 Excellent water 1(5%) -

(Oriental Basin, eastern- 50-100 Good water 11 (55%) -

central Mexico)
100-200 Poor water 6 (30%) -
200-300 Very Poor water 2 (10%) -
>300 Unsuitable for drinking - 3 (100%)
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environment (Leng et al., 2006). Negligible nitrate
and ammonium contents (below the detection lim-
its) in the Lake Totolcingo with pH of 9.6-9.7 sup-
ported both the processes.

Health risk assessment

The ingestion of water with fluoride > 1.5 mg/L trig-
gers dental and skeletal fluorosis, and concentrations
of nitrate above 50 mg/L causes methemoglobinemia
in infants (Adimalla et al., 2019a; Karunanidhi et al.,
2020; Kimambo et al., 2019; Alarcon-Herrera et al.,
2020). We computed non-carcinogenic risks through
HQgyoride and HQ,jpoce for different age groups resid-
ing in the Oriental Basin (Mexico) from fluoride
and nitrate consumptions through the drinking water
by considering the average weights of an infant as
7.4 kg, 11-year-old child as 31.8 kg, an older adult
(78 year) as 80 kg and an elderly pregnant woman
(45 year) as 73 kg in Table 5. HQg,orige > 1 showed
potential fluorosis risk for the older adults and preg-
nant women from all the groundwater samples (100%,
n=20). The health risk for children could be from
80% (n=16) of them and about 55% of groundwater
wells (n=11), mostly at western and southern parts
of the basin pose fluorosis risk to the infants (Fig. 7).
This is in congruence with the last national dental and
caries and fluorosis survey (2011-2014) involving
about 74,000 students of 6, 9, 12 and 15 years from
32 different federal entities of Mexico (ENCD, 2018).
The dental fluorosis in Puebla state was relatively
higher than other federal entities with the prevalence
level of 2.6% in 6 years old. The prevalence was
much higher for the 12 and 15-year-old children with
51.6% and 60.4%, respectively. Both the later groups
had permanent dental caries in an average 1.4 and 2.2
teeth, respectively (ENCD, 2018). HQgyorige influ-
enced the Total Health Index (THQI) values and it
suggested potential non-carcinogenic concerns in the
order of older adults (1.63-6.50; avg: 4.30) > elderly
pregnant women (1.03—4.09, avg: 2.71)>children
(0.57-2.26; avg: 1.49)> infants (0.42-1.66; avg: 1.10)
from F~ enrichment in groundwater (Table 5). Higher
fluoride in water samples of this study could be from
weathering of fluoride-bearing minerals through the
rock-water interactions. Shaji et al. (2024) suggested
that the weathering of fluorite, cryolite, fluocerite,
yttrofluorite, villianmite, sellaite, fluorapatite, and the
volcanic deposits contribute F~ into the groundwater.
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Positive correlations of F~ with pH (r=0.6) and
HCO;™ (r=0.7) showed that the alkaline environment
facilitated mobility of fluoride through the source
rock leaching (Alvarez & Carol, 2019; Crundwell,
2017; Shaji et al., 2024). Thus, its sustainable man-
agement would require regular water quality moni-
toring and generation of maps indicating F~ concen-
trations, application of disinfection techniques such
as reverse osmosis and a detailed study of F-bearing
minerals in different volcanic lithologies as well as
limestones present in the watershed and their fluoride
contents.

HQ,trate could not be computed in some ground-
water samples as nitrate remained below the detection
limit (<0.75 mg/L). It suggested more non-carcino-
genic concerns for older adults (0.18-1.85; avg: 0.35)
and elderly pregnant women (0.11-1.17, avg: 0.22)
compared to the infants (0.05-0.47; avg: 0.09) and
children (0.06-0.64; avg: 0.12; Table 5). Health threat
for the adult population was caused from only 10%
samples (n=2) and it was due to their higher inges-
tion rates (Fig. 8). None of the groundwater sample
exposed the infants to possible methaemoglobinaemia
and most of the samples also did not show any imme-
diate health risk for the other groups. However, these
results showed the necessity to identify the nitrate
pollution sources, and regulation of fertilizer applica-
tion and sewage leakages in this region. The presence
of ammonia in some groundwater samples (n=4, see
supplementary Table 1) possibly can enhance the
nitrate concentration by nitrification (WHO, 2017).
Similarly, the boiling of drinking water to ensure
microbiological safety could enhance the nitrate con-
tent (10-50 mg/L) in water from 5 wells (COR-1, 10,
15, 19 and 20) at western part of the basin beyond the
WHO limit, and might cause potential health risks for
the infants (e.g., Alvarado et al., 2022; WHO, 2017).
Water from the wells with NO;™ above 10 m/L might
require disinfection through the ion exchange, reverse
osmosis, biological denitrification and electrodi-
alysis to reduce the risk of gastrointestinal infection
and methaemoglobinaemia (WHO, 2017). Authori-
ties should monitor the quality of water used by the
bottle-fed infants, especially those with symptoms of
gastrointestinal infection such as diarrhea. The moth-
ers and expectant mothers should be receiving infor-
mation about water safety, guidance on disinfection
and access to the safe water sources.
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Table 5 (continued)
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Springer

woman

5.36

woman

woman

5.36

8.51

2.96

2.18

8.51

2.96

2.18

Average

Bold indicates HQ > 1

Conclusions

In the Oriental Basin of eastern-central Mexico, the
physical and chemical characteristics along with sta-
ble isotopes of oxygen and hydrogen in water from
wells and Totolcingo Lake helped to evaluate their
suitability for drinking. The health risks assessment
through the fluoride and nitrate consumptions in dif-
ferent vulnerable age groups provided a baseline data
for effective water quality monitoring and mitiga-
tion in a region that has the potential to be a health
risk hotspot. Some of the specific conclusions are as
follows:

(i) The groundwater samples (Ca-Mg-HCO;
facies) reflected interactions with limestone
and Ca-bearing volcanic lithologies. Both the
5'%0 and 8°H variations were similar to the
global and local precipitations. Fluoride (2.5—
9.9 mg/L) above the WHO recommended limit
grouped 20% samples as possible promotor of
dental fluorosis and 80% samples as promotor
of both dental and skeletal fluorosis. Nitrate
of 10-50 mg/L in 25% and>50 mg/L in 10%
samples indicated anthropogenic impact possi-
bly from synthetic fertilizers and sewage leak-
age. Nitrate Pollution Index (NPI) categorized
65% of the groundwater samples as unpolluted
or clean and DWQI values categorized 55%
samples as good for drinking even with F~
above 1.5 mg/L.

(i1)) Lake water (Na-ClI facies) in its concentrated
state was unsuitable for drinking and it sug-
gested dominant influence of evaporation.
Evaporation also led to depleted d-excess
(- 40.80 to — 38.20%0), and enriched §'0
(10.98-11.08%0) and 8°H (47.4-50.4%0) com-
pared to the global and local precipitations.
Fluoride (12.7-13.3 mg/L) contents were simi-
lar to the water resources (F~> 10 mg/L) pro-
moting crippling skeletal fluorosis. Lack of
nitrate indicated the loss of N through ammo-
nia volatilization in alkaline conditions.

(iii) Estimations of non-carcinogenic risks through
HQg0ride Suggested potential non-carcinogenic
concerns in order of older adults>elderly
pregnant women > children >infants from F~
enrichment in the groundwater. The alkaline
environment facilitated its mobility from flu-
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Infants
o HQ, > 1

O HQg <1

oride-bearing lithologies and the evaporation
enriched it further in the surface water body.
The fluoride-bearing minerals need further
research in terms of mineralogical and geo-
chemical studies of the limestone and volcanic
deposits. HQ;,.e in groundwater suggested
non-carcinogenic concerns for older adults and
elderly pregnant women from only 10% sam-
ples, and these wells need immediate atten-

Fig. 7 Distribution of groundwater wells and water samples from the Totolcingo Lake (Oriental Basin, eastern-central Mexico) with
HQﬂuoride > 1 for infants

tion through regulation of fertilizers in the sur-
rounding agricultural fields and minimizing of
sewage discharge into the aquifer. None, how-
ever, exposed the infants to possible methemo-
globinemia. Water from the wells with nitrate
between 10-50 mg/L and above 50 m/L might
would require disinfection techniques before its
consumption.

@ Springer
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-97.8 -97.7 -97.6

Pregnant women and older adults

@ HQy > 1
O HQuo, < 1

-97.5 -97.4

Fig. 8 Distribution of groundwater wells and water samples from the Totolcingo Lake (Oriental Basin, eastern-central Mexico) with

HQ,iae > 1 for pregnant women and older adults
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