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Abstract

An important consequence of groundwater overexploitation is worsening water quality. Water that is extracted at greater
depths may contain higher concentrations of chemical elements, most of which come from the aquifer bedrock. This situation
can cause health problems especially when the water is destined for drinking use. The study area is known as Silao-Romita
aquifer (SR), which is located in the centre—west of the state of Guanajuato. The objective of this project was to determine
the origins of the total inorganic arsenic (iAs) and fluoride (F™) present in the groundwater of SR through spatial distribu-
tion and hydro-chemical analysis techniques. Physicochemical parameters from the data base of Guanajuato’s State Water
Commission (CEAG) were used for 25 well water samples. It was determined that the highest concentrations of iAs and F~
were located in the south of SR. Approximately 28% of the samples exceeded the Maximum Permissible Limit (MPL) given
for iAs in the Mexican regulations and 8% of the samples exceeded the MPL given for F~. High concentrations of iAs and
F~ were found on altered rhyolitic rocks with the presence of hydrothermalism. The water had temperatures of between 22
and 36 °C and pH values between 7.1 and 8.1. The predominant type of the water was bicarbonate-calcium and bicarbonate-
sodium. The correlation between physic-chemical parameters and geology suggested that the presence of iAs and F~ is due

to the dissolution of acidic volcanic rocks and to the extraction of ancient/deeper waters.
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Introduction

Groundwater is an extremely important resource in coun-
tries with arid and semi-arid regions, as it becomes the main
source of supply for the population. In Mexico, there is a
marked difference in rainfall due to seasonality and topog-
raphy. In the north of Mexico, arid and semi-arid regions are
predominated with annual rainfall less than 500 mm/year.
While in the south of Mexico, temperate and humid climates
predominate with annual rainfall that exceeds 2000 mm/year.
Approximately, 16% of the total aquifers in Mexico are over-
exploited. This situation becomes a very important problem,
because this overexploitation occurs in the center and north
of the country, where most of the population is located and
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provides the highest contribution to the country’s Gross
Domestic Product (CONAGUA 2018a).

The intense groundwater extraction during the last 3 dec-
ades has caused important alterations in the hydrogeological
balance. The main consequences of intense overexploitation
of water are the lowering of the water level, the reduction of
spring and river discharges, a deterioration of the ecosystems
that depend on the shallow phreatic level and increasing
intensity and extent of the subsidence phenomenon (Navarro
de Leén et al. 2005).

Another important consequence of overexploitation is a
worsening of the quality of water available for human con-
sumption, because of extracting water from greater depths
implies that the water is mostly mineralized due to the time
of contact that it has had with the geological material present
and the temperature of the environment. Due to their con-
centrations in the Earth's crust, As and F are elements that
are usually present in high concentrations in groundwater.
The health problems associated by consuming water with
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high concentrations of As are generally dermal lesions such
as hyperpigmentation, skin cancer, cardiovascular, renal,
hematological and respiratory problems. Epidemiological
evidence of consuming water with high concentrations of
F~, carry an increasing risk of dental fluorosis and that pro-
gressively higher concentrations lead to increasing risks of
skeletal fluorosis. In addition to other conditions such as
development of a greater susceptibility to kidney diseases
and cancer as well as an effect on the development of the
human brain, reducing, among other effects, the 1Q of chil-
dren of school age (Smedley and Kinniburgh 2002; WHO
2017).

To reduce the negative effect of the high concentrations of
heavy metal or other elements and offer drinking water with
quality, many water purification project have been involved
in drinking water system (Wang et al. 2019; Sandoval et al.
2019; Panagopoulos 2021), which are normally high cost
for installation and operation. And many areas are looking
for alternative water resources like desalination sea water,
etc. (Wang et al. 2021). While the purification systems need
energy and will leave more environmental problems as
residuals, chemicals, gases and so on (Panagopoulos and
Haralambous 2020; Panagopoulos et al. 2019). Even solar
energy can be used in the purification systems (Wang et al.
2020, 2021), it is a much better option if we can slow down
the water drawdown by a better management of water use.
For a better management of water resource, the first stage
is to diagnostic the problem with physical and chemical
studies.

There are different regulations that determine the con-
centrations of elements contained in water, which is des-
tined for drinking use, for example the Maximum Per-
missible limits (MPL) established by the World Health
Organization. In Mexico, the corresponding regulations
is the NOM-127-SSA1-1994 modified in the year 2000.
Concentrations above those given in the Mexican water
quality regulations for some elements such as As (25
pgl™") and F~ (1.5 mgL™") have been detected in some
aquifers in northern and central Mexico. In the Comarca
Lagunera Region, which is part of the states of Coahuila
and Durango, the presence of As has been detected in the
groundwater. Evaporation is thought to be the main mech-
anism responsible for increasing the concentration of this
element, worsened by intensive groundwater exploitation
and the construction of dams that prevent the flow of the
main rivers in the region (Gutiérrez-Ojeda 2008). In the
state of Chihuahua, the presence of As is related to the
recharge zone, which is constituted by andesitic-basaltic
volcanic rocks (Reyes-Cortés et al. 2012). In Mexico, it is
common to find As associated with Ag, Pb and Zn sulfides.
In addition, in some areas there are significant amounts
of As minerals such as arsenopyrite, scorodite, mimetite,
adamite and tenantite, as in Zimapéan and San Luis Potosi
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(Armienta and Rodriguez 1996). In Baja California, the
presence of As is controlled by adsorption processes in
iron oxyhydroxides, and the precipitation and dilution of
calcite (Carrillo-Chéavez et al. 2000). As is also present in
the groundwater of several geothermal areas of Mexico,
such as Puebla, Jalisco, and Michoacan. Concentrations in
geothermal fluids are related to dissolution and exchange
processes between hot fluids and the rock matrix (Birkle
and Merkel 2002). In the state of Morelos, high concentra-
tions of F~ occur due to the chemical weathering of the
intermediate and felsic igneous rocks that make up the
region (Huizar et al. 2016). In the city of Durango, high
concentrations of F~ have been related to the mineralogical
composition of the aquifer and to industrial activity. In San
Luis Potosi, the concentration of F~ in water is due to the
solubility of fluorite, which is present in volcanic rocks
(Carrillo-Rivera et al. 2002). In the state of Guanajuato,
high concentrations of F~ and As in groundwater have
been associated with the erosion of volcanic rocks present
in aquifers, the dissolution of fluorite, the oxidation of
arsenic-bearing sulfide minerals and intensive pumping
(Mahlknecht et al. 2004a; Ortega-Guerrero 2009; Morales-
Arredondo et al. 2016; Knappett et al. 2018, 2020).

Due to its geographical position and climatologic condi-
tions, in the state of Guanajuato, groundwater is the main
source of supply for the population. In the state of Guana-
juato, 14 of the 18 aquifers established by CONAGUA are
overexploited (CONAGUA 2018b). According to Guanajua-
to’s State Water Commission (Comision Estatal del Agua de
Guanajuato, CEAG), there are 15,297 active wells, of which
84% are for agricultural use, 13% for urban public use and
3% for industrial and commercial use. Approximately, 3,824
million cubic meters of water are extracted per year, with
2783 million cubic meters recharge. This implies a deficit of
1041 million cubic meters of water annually (CEAG 2016).
In some regions of the state of Guanajuato, the average water
table has decreased between 2 and 3 m per year (Wester et al.
2011), and the mean water drawdown in all the state has
been reported as 1.57 m per year (Li et al. 2020).

As mentioned previously, the presence of As and F~ has
been reported in some regions of the state of Guanajuato.
However, the existence of them in regions like Silao-Romita
aquifer has not been studied, less the mechanism of the pres-
ence of the high concentrations. Silao-Romita aquifer is a
very important aquifer in the Guanajuato State for it supplies
water for more than one million inhabitants (INEGI 2020)
and supports the pillar industry, auto production and ser-
vice. Therefore, the objectives of this study were (i) quantify
the concentration of the total inorganic arsenic (iAs) and
fluoride (F7) in the groundwater of the Silao-Romita aqui-
fer, (ii) identify the spatial distribution of the concentration
of these elements in groundwater, (iii) determine the main
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hydro-chemical processes that define the origin of these ele-
ments in the groundwater of the study aquifer.

Materials and methods
Study area

The study area, Silao-Romita aquifer (SR), is located in
the west of the central region of the state of Guanajuato
(Fig. 1). It covers an approximate area of 1899 km?. The
area includes the municipalities of Guanajuato, Romita,
Silao and part of Irapuato. SR is hydrologically delim-
ited by the Sierra de Guanajuato (north-east and east),
Valle de Le6n (north-west), Sierra de Pénjamo (south) and

Cerro El Veinte and Cerro Arandas (south-east), as well as
hills in the west. There are some hills of volcanic origin
within the valley (Lesser 1998). The elevations within the
area range from 1700 to 2900 m above sea level (m a.s.l.)
(Horst et al. 2007; INEGI 2011). The main rivers are the
Guanajuato River and Silao River, which drain from the
north to the south of SR. The Guanajuato River originates
approximately 10 km from the city of Guanajuato and its
waters are retained and regulated by the La Purisima Dam.
The Silao River originates in the northern portion of the
aquifer and intersects with the Guanajuato River in the
north-west of Irapuato. The mixture flow draw into the El
Conejo Dam (Lesser 1998; CONAGUA 2018c). Due to the
increasing overexploitation of regional aquifers and the
semi-humid conditions, some rivers in SR have become
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Fig. 1 Geographic location of the Silao-Romita aquifer (SR) with
municipal capitals, water bodies, streams, geological faults, mines,
sampling sites, and geological units. Ultramafic unit (JsUm), Diorita
Tuna Mansa (Js/D), granitic (TpgGR), gabrotic (ToGa), Tonalite
Cerro Pelon (JsTn), Formacién la Esperanza (JsVs), Formacién Gua-
najuato (TpaeCgp), andesites (ToA), latites (ToLa), rhyolites (ToR),

rhyolitic tuffs (ToTR), rhyolite-ignimbrite (ToR-Ig) and rhyolite-
rhyolitic tuff (ToR-TR), andesitic and basaltic lavas (TmA-B), sands-
silts-conglomerates (TmAr-Cgp), spills-pyroclasts of basaltic compo-
sition (QB and QptTB-Ar). Source: Sampling sites taken from own
data of 2019, and geological units taken from the Mexican Geological
Service (SGM 1997, 1999)
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intermittent (Lesser 1998; Horst et al. 2007). Recharge to
the aquifer occurs principally through natural rainwater
infiltration, with recharge zones located in the main moun-
tain ranges (Sierra de Guanajuato). Horizontal recharge
also occurs in mountainous areas to the east and west of
SR. Rivers and reservoirs also contribute a small amount
to recharge, as does irrigation return in the more granular
areas of the aquifer. Discharge from the aquifer is mainly
associated with the extraction and is also influenced a bit
by springs (Lesser 1998; Horst et al. 2007; CEAG 2018).

Thirteen climatological stations, monitored by the
National Meteorological System (SMN for its acronym
in Spanish) of CONAGUA, are located in the study area.
According to the Normal values of these station, the north-
east of SR (near to Sierra de Guanajuato) experiences the
highest annual precipitation in this area, 734.06 mm and
the temperatures varies between 10.99 and 24.66 °C. In the
north-west of the region, the temperature varies between
10.1 and 26.3 °C, with an annual precipitation of 615 mm.
Between Silao and Romita, the temperature varies between
10.75 and 26.85 °C, with an annual precipitation of 640 mm.
In the south-east, the temperature varies between 9.7 and
27.8 °C, with an annual precipitation of 699 mm. The lowest
rainfall is recorded in the east of the valley, with a value of
354 mm, the temperature varies between 10.4 and 27.5 °C
(SMN 1981—2010). In general, the annual temperature in
SR is between 18.5 and 19 °C, the annual precipitation is
between 622 and 640 mm, the annual evapotranspiration is
516 mm, and the average annual potential evaporation is
between 1890 and 1923 mm (Horst et al. 2007; CONAGUA
2018c). Semi-arid temperate and sub-humid temperate are
the predominant climate types in SR. The semi-arid temper-
ate climate type is present in the valley of SR, and the sub-
humid temperate climate type is predominant in the Sierra
de Guanajuato and Cerro El Veinte (INEGI 2005).

According to the edaphological chart, the soil types pre-
sent in SR, in order of greatest predominance, are: Vertisol,
located in the south, center and east; Phacozems, with Hap-
lic and Luvic subunits—the first located in the center, west
and north of SR, and the second predominantly in the east;
Chromic Luvisol located in the north; Eutric Cambisol in
north-west and north-east; and Kastanozems with Calcium
and Luvic subunits, located in center-west and north-east,
respectively (INEGI 2004). The main land use in SR is agri-
culture, which is reflected in the percentage of groundwater
destined for agriculture. Of the total volume of groundwater
extraction in SR, 90% is destined for agricultural use, 9% for
urban public supply use and 1% is for self-supplied industry
use (CEAG 2018). The predominant vegetation is pine and
oak forests, crasicaule scrub, natural and induced grassland
and deciduous forest. This vegetation features mainly in the
Sierra de Guanajuato in the north, and in the Cerro Arandas
and Cerro El Veinte in the south (INEGI 2017).

@ Springer

SR is located between the physiographic regions of
the Mesa Central (MC) and the Trans Mexican Volcanic
Belt (TMVB). During the Middle- and Late-Cenozoic, the
structures developed were mainly faults and fractures. The
relationships between these faults and some stratigraphic
units allowed them to be distinguished as resulting from
several faulting events in the Paleocene—Eocene to Plio-
cene—Pleistocene. In the Oligocene, an increase in the rate
of volcanism occurred, related to subduction tectonics in
the west of Mexico. These events led to the reactivation of
faults and the generation of the grabens and pillars (Alanis-
Ruiz 2002; Nieto-Samaniego 2005). SR is divided into two
geological groups: the older one is formed of Jurassic to
Cretaceous marine volcanic and sedimentary rocks, tonalite,
diorite, basaltic and an outcrop of ultramafic rocks. These
rocks are located in the Sierra de Guanajuato. The second
one includes alluvial deposits and volcanic rocks with age
of Tertiary to Quaternary. These rocks are predominantly
located in the valleys and hills of the north, west and south,
and the regional aquifer is also composed of these rocks
(Nieto-Samaniego et al. 2016).

The geological succession begins with an Ultramafic
unit, San Juan de Otates (JsUm), which consists of ultra-
basic and basic rocks. They are formed by serpentinites,
peridotites, serpentinized clinopyroxenites and gabbro with
accumulation textures. The age of this unit corresponds to
Upper Jurassic. This unit is followed by Diorite Tuna Mansa
(Js/D), which designates different crystalline facies of rocks
of dioritic composition, essentially granitic (TpgGR) and
gabrotic (ToGa). The ages determined by k/Ar are between
101+ 3 Ma and 122.5+5.6 Ma. And its age corresponds
to the Upper Jurassic. Guanajuato Conglomerate (Tpae-
Cgp) consists of a polymictic conglomerate composed of
conglomerates with quartz, limestone, granite, and andesite
fragments, cemented by a clay matrix. Its thickness is esti-
mated at 1500 m. The age for this unit varies from Paleocene
to lower Oligocene. During the Oligocene, volcanic activ-
ity was generated that caused the deposit of two igneous
sequences. The first of these is of intermediate composition,
with the second of acid composition. The units correspond-
ing to both sequences are: andesites (ToA), latites (ToLa),
rhyolites (ToR), rhyolitic tuffs (ToTR), rhyolite-ignimbrite
(ToR-Ig) and rhyolite-rhyolitic tuff (ToR-TR). The age of
this units varies between 29 +0.8 Ma and 30+ 1.5 Ma.
During the Miocene, andesitic and basaltic lavas were
present (TmA-B), and their age is related to the age of the
Zamorano Volcano and Palo Huérfano volcano with ages
of 10.9+0.5 Ma and 16 Ma, respectively. Sands, silts and
conglomerates with thicknesses of approximately 60 m
(TmAr-Cgp) were deposited in the Neogene, located discor-
dantly on andesitic spills and rhyolitic tuffs. The last stage
of volcanism was of basaltic composition (QB and QptTB-
Ar), with spills and pyroclasts. The last unit corresponds to
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lake deposits of the Quaternary. The epithermal auroargen-
tiferous mineral deposits are characterized as being of the
vetiform type in the Guanajuato Mining District, located
north-east of SR. The main deposits contain gold and silver
mineralization, followed in order of importance by Pb, Zn
and Cu, as well as small deposits of W and Mn. The ore
deposited was produced by geological events, characterized
by volcanism to produce intense fracturing, setting the stage
for hydrothermal activity and mineralization. Hydrothermal
activity lasted for approximately two million years due to
the magmatic episode that formed the Chichindaro Rhyo-
lite, which buried and trapped the very permeable breccias
and faulted rocks hosting the Guanajuato Mining District.
There are deposits of kaolin, which were formed from strong
hydrothermal alterations, and are also associated with sites
of rhyolitic domes (SGM 1997; Lesser 1998; SGM 1999;
Nieto-Samaniego et al. 2016; CEAG 2018).

Data analysis

The water quality database used in this study were provided
by the Guanajuato’s State Water Commission (Comisién
Estatal del Agua de Guanajuato, CEAG). The CEAG has
a groundwater quality monitoring network. The laboratory
analysis is carried out by a certified laboratory, which is
hired by the CEAG. The SR aquifer water quality database is
made up of a monitoring network of 25 water wells distrib-
uted along the SR aquifer. For this study project, the analysis
carried out in 2019 were used (Fig. 1). The database used in
this project included the following parameters: temperature
(°C), pH, Specific Conductivity (uScm™), alkalinity (mgL ™"
CaCO03), major ions (mgL™"), arsenic (mgL~") and fluoride
(mgL™).

Hydro-chemical analysis

A hydro-chemical analysis is useful for determine the quality
of the water, its interaction with the environment, mixtures
of different waters along a flow line and its origin. This type
of analysis provides a preliminary assessment of ground-
water types and their relationship to lithology (Singhal and
Gupta 2010). The charge balance error consider for the sam-
ples was less than 5%. Geochemist's Workbench (Student
edition) was used to determine the type of water family. It
is a software to perform numerical and graphical analyses
that are used to interpret water quality data. A Stiff Diagram
was used to represent the family type of SR water samples,
for it allows to visualize and compare the different families’
water with the spatial variation. A correlation analysis was
performed to evaluate the strength and direction of the rela-
tionship of iAs and F~ with other physical-chemical param-
eters analyzed. A high correlation value indicates that the
elements measure the same characteristic. If the elements are

not highly correlated, it indicates that they could measure
different characteristics or are not clearly defined.

Spatial distribution analysis

A spatial distribution analysis was carried out with the use
of ArcMap 10.5, to determine the distribution of the con-
centrations of iAs and F~ in the groundwater, and to locate
the areas with the highest concentrations. Special attention
was given to those areas in which the statistical model pre-
dicted a concentration greater than the MPL established
by the Mexican regulations (modification to NOM-127-
SSA1-1994, 2000) and the MPL established by the WHO
(WHO 2017). The Mexican regulations indicate that the
MPL for iAs in water for human consumption is 25 uL~! and
forFTis 1.5 mgL_l, and the WHO indicates that the MPL of
these elements is 10 uL.=! and 1.5 mgL~!, respectively. For
this analysis, the Symbology (Graduated Symbols) visuali-
zation tool from ArcMap 10.5 was used.

Results
Hydro-chemical analysis

The temperature of the water samples showed a range
between 22 and 36 °C, with an average of 26.20 °C. Of
the total samples analyzed, 28% showed a temperature
greater than or equal to 29 °C and were in the center and
south of SR. The pH corresponded to neutral to alkaline
values. The pH values varied between 7.1 and 8.1, with an
average of 7.57. The Specific Conductivity values varied
between 314 pScm™" and 3512 uScm™!, with an average of
792.58 uScm™!. The highest values of Specific Conductiv-
ity were in the valley of SR. The order of predominance for
cations in the water samples was sodium > calcium > mag-
nesium > potassium. While the order of predominance for
anions was bicarbonate > sulfate > chloride. Table 1 shows
the minimum, maximum and average values of the main
physicochemical parameters measured in the wells studied
and compares these with the MPLs established by the Mexi-
can regulations and the WHO.

Water family

An analysis was carried out to determine the type of water
family of the collected samples and to determine their geo-
chemical processes. The Stiff diagram was used to visualize
the different types of water depending on spatial variation
(Fig. 2). According with the concentration of major ions
52% of the samples analyzed showed a bicarbonate-cal-
cium water type, 20% of the samples showed a bicarbonate-
calcium-sodium water type, 16% of the samples showed
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Tablg 1 The minimum, Parameter Unit Min value  Max value  Average = MPL Mexican MPL WHO
maximum and average val.lues regulations
of the main physicochemical
parlf;meteg? rélealsured in l:he Temperature °C 22.00 36.00 2620 - -
e ;A;‘E el:ta’b?i;‘:fdf; e pH - 7.10 8.10 757 6.5-85 65-8.0
Mexican regulations and the Specific Conductivity ~ pS/cm  314.0 3512.0 792.58 - -
WHO Arsenic pg/L 5.00 1077.60 58.04 25 10
Bicarbonate mg/L 139.86 1245.82 353.63 - -
Calcium mg/L 10.21 94.21 45.61 - -
Chloride mg/L 10.00 251.57 28.38 250.0 200.0
Fluoride mg/L 0.1 1.88 0.55 1.50 1.50
Iron mg/L 0.05 0.288 0.08 0.30 0.3
Magnesium mg/L 2.50 43.43 14.78 - -
Nitrates mg/L 0.01 9.54 3.25 10.0 50.0
Potassium mg/L 2.61 14.73 7.19 - -
Sodium mg/L 28.84 689.42 88.97 200.0 200.0
Sulfates mg/L 8.54 295.12 58.12 400.0 250.0
e e 2es e
- Municipal Capitals N
- Water Bodies
—— Streams W E
%- - — - Equipotential Lines -%
b] — Flow Line S ]

=+ Geological Faults
R Mines
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Fig.2 Water samples from SR classified according to Stiff diagram. tions, mines and the Digital Model of Elevation ranges. Source: The
The white diagrams present an overview of the characteristics of the Digital Model of Elevation ranges taken from INEGI (2011), and the
water. Other details shown include geological faults, the main bodies rests are own data

of water, streams, municipal capitals, equipotential lines, flow direc-
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a bicarbonate-sodium water type and 12% of the samples
showed a bicarbonate-chloride-sodium water type. Bicarbo-
nate-calcium water type samples were in the northern and
east zone of the SR, where the main recharge zone (Sierra de
Guanajuato) is located. In addition, this area is influenced by
rocks of the basalt and andesite type. Bicarbonate-calcium-
sodium water type samples were in the center and south
of SR. This type of water represents a mixture of different
waters, but with a predominance of calcium over sodium.
These samples may be influenced by the andesitic-basaltic
composition of Cerro El Veinte, located south of SR. In the
SR valley, bicarbonate-sodium water type samples were
predominant. Water samples of the bicarbonate-chloride-
sodium type were in the south-east of SR.

220000 240000

Distribution of the concentrations of iAs and F~
in the groundwater of SR

Figure 3 shows the distribution of the concentration of iAs.
The colors and size of the markers are based on the MPLs
by the aforementioned regulations. Green markers indicate
those samples whose concentration was 10 pgL~" or less,
yellow markers indicate those samples whose concentration
was greater than 10 ugL~! but less than 25 pgL~!, and red
markers indicate those samples whose concentration exceeds
25 ugL~!. Samples with concentrations greater than 25 ugL. ™!
were located mainly in the south of SR. The sample with a
concentration of 1077.60 pgL~! was taken from P14 located
in the south-east of SR. Of the 25 well water samples analyzed,

1
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— Streams
— Flow Line
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R Mines
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. 2962 37
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O 10.01-25.00
@ 25.01-50.00
@ 50.01-100.00

@ 100.01- 107760

2320000
1

T
2320000

Fig. 3 Distribution of the concentration of iAs in the groundwater of
SR in 2019. High concentrations are distinguished in red, medium in
yellow and low in green, according to the MPLs established by the
Mexican regulations and the WHO for drinking water consumption.
Also shown are geological faults, the main bodies of water, streams,

260000 280000

the municipal capitals, equipotential lines, flow directions, mines
and the Digital Elevation Model ranges. Source: The Digital Model
of Elevation ranges taken from INEGI (2011), and the rests are own
data.
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1
- Municipal Capitals
- Water Bodies

— Streams

— Flow Line

g- - — - - Equipotential Lines

~ || =+ Geological Faults
R Mines

Elevation m.a.s.1.
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Fig.4 Distribution of the concentration of F~ in the groundwater of
SR in 2019. High concentrations are distinguished in red, and low in
yellow and green, according to the MPLs established by the Mexi-
can regulations and the WHO for drinking water consumption. Also

approximately 44% of them had iAs concentrations above the
MPL established by the WHO, and 28% of them above the
MPL established by the Mexican regulations.

Figure 4 shows the distribution of the concentration of F~.
Similarly, the colors and size of the markers are based on the
MPLs by the aforementioned regulations for F~. Green and
yellow markers indicate those samples whose concentration
was 1.5 mgL~! or less. Green markers indicate those samples
whose concentration was 1.0 mgL ™" or less, and yellow mark-
ers indicate those samples whose concentration could be at
risk of exceeding the MPL. Red markers indicate those sam-
ples whose concentration exceeds 1.5 mgL~". Sites with sam-
ple concentrations greater than 1.5 mgL.™' were mainly located
in the south of SR. In the case of F~, of the 25 well water
samples analyzed, approximately 8% of samples exceeded the
MPL established by the Mexican regulations and the WHO.
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shown are geological faults, the main bodies of water, streams, the
municipal capitals, equipotential lines, flow directions, mines and the
Digital Elevation Model ranges. Source: The Digital Model of Eleva-
tion ranges taken from INEGI (2011), and the rests are own data

Relationship of iAs and F~ with other
physicochemical parameters

Correlation analysis

To explain the relationship between different elements,
a correlation matrix was produced, shown in Table 2.
A high correlation coefficient (> 0.5) indicates a strong
correlation between two variables, and a low correlation
coefficient (< 0.5) indicates a lower correlation. Con-
centrations of iAs showed a low negative correlation
with HCO;~ (R*=— 0.02), a high positive correlation
with Na® (R?=0.73), a moderate negative correlation
with Ca®t (R?=- 0.54), and a low positive correlation
with SO42_ (R*=0.24), a moderate positive with pH
(R*=0.54) and low positive with temperature (R>=0.29).
Concentrations of F~ showed a low negative correlation
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Table 2 Correlation matrix for different physicochemical parameters measured

pH T SC iAs F Ca Mg Na K HCO;, SO, Cl NO;, Fe
pH 1.00 043 -025 054 066 -—-0.71 —-0.58 057 -012 -028 -0.10 -031 -057 15E-15
T 1.00 -030 029 044 -063 -0.52 036 -0.17 -0.52 0.02 -029 -052 0.00
SC 1.00 0.03 0.02 0.67 0.82 0.47 0.06 0.83 0.77 0.81 0.70 6.0E-17
iAs 1.00 068 —-054 -0.38 0.73 -0.03 -0.02 024 -023 -025 -39E-17
F 1.00 043 -041 0.68 0.10 -0.03 022 -024 -0.31 1.8E-16
Ca 1.00 0.88 —-0.29 0.04 0.70 0.36 0.64 0.80 1.7E-16
Mg 1.00 -0.06 0.002 0.84 0.44 0.75 0.78 1.8E-16
Na 1.00 -0.04 0.25 0.59 0.18 0.04 —7.5E-17
K 1.00 0.06 —0.03 0.08 -0.06 -4.7E-16
HCO;, 1.00 0.44 0.56 0.67 0.00
SO, 1.00 0.45 0.51 1.3E-16
Cl 1.00 0.59 2.92E-17
NO, 1.00 1E-16
Fe 1.00

with HCO,;~ (R?=— 0.03), a high positive correlation
with Nat (R?=0.68), a moderate positive correlation
with Ca®t (R>=0.43), a low positive correlation with
S0,%~ (R*=0.22), a high positive with pH (R*=0.66)
and moderate positive with temperature (R*=0.44). The
correlation between both elements was high positive
(R*=0.68). Figures 5 and 6 show the relationship between
the concentrations of iAs and F~ with the concentration
between the main cations and anions, respectively. The
P14 well located south-east of SR was analyzed separately
from the other wells, because its concentration was con-
sidered as an outlier of the sample set, the concentration
of its major ions is shown in Fig. 7.

Temperature and pH are parameters that are closely
related to the presence and mobility of iAs and F™ in
groundwater. Therefore, an analysis was performed to
determine the correlation between these. Figure 8a shows
the relationship between of the concentration of iAs with
temperature and pH. The iAs concentration showed a low
positive correlation with temperature and moderate posi-
tive correlation with pH: R*=0.29 and R*>=0.54, respec-
tively. Samples with concentrations of iAs above the MPL
of the Mexican regulations, showed a temperature range of
23-30.7 °C. However, samples were taken with recorded
temperatures of approximately 25-34 °C that showed con-
centrations within the MPL of the aforementioned regula-
tions. The sample with the highest temperature recorded
(36 °C) had a concentration of iAs of 23.60 ugL~!, which
is below the MPL of the Mexican regulations, but above
the limit established by the WHO. The highest concentra-
tion of iAs had the most alkaline pH recorded.

Figure 8b shows the relationship between of the concen-
tration of F~ with temperature and pH. The F~ concentration
showed a high positive correlation with pH and moderate

positive with temperature: R>=0.66 and R*=0.44, respec-
tively. Samples with high concentrations of F~ showed
a temperature range of 25-30 °C. However, samples
were taken with recorded temperatures of approximately
25-36 °C that showed concentrations within the MPL of
the aforementioned regulations. The concentration of F- was
higher with pH greater than 7.7.

A spatial distribution analysis was performed to locate
the areas in which the highest recorded water temperature
and pH were found. Figure 9 shows the distribution of the
temperature recorded in the groundwater for the 25 samples
analyzed. Samples whose maximum recorded temperature
was 25 °C (room temperature) are shown in green. Accord-
ing to the Geological Mining Institute of Spain (IGME, by
its acronym in Spanish), to be considered thermal springs,
wells must have an annual average water temperature of at
least 4 °C above the temperature at the place of emergence.
Under this definition, wells considered thermal are distin-
guished in orange and red. The high temperatures predomi-
nated in the south and center of SR.

Figure 10 shows the distribution of the pH recorded in
the groundwater of the 25 samples analyzed. Neutral sam-
ples in yellow, slightly alkaline samples in light green and
alkaline samples in dark green. The most alkaline values
were recorded in the south and center of SR, which spatially
coincide the highest concentrations of F~ and iAs.

Discussion

The hydrogeological behavior of the SR plays an important
role in the hydrochemistry of the groundwater. In SR, the
prevailing rocks are basic rocks like basalts, intermediate
compositions like andesitic rocks, and acidic volcanic rocks
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Fig. 5 Relationship between the concentrations of the major cations and the concentration of iAs and F~. a—d the relationship between iAs and
Na, Ca, Mg and K, respectively. e-h the relationship between F~ and Na, Ca, Mg and K, respectively

like rhyolites and ignimbrites. Andesitic rocks are character-
ized by their Ca and Mg content due to their intermediate
composition, while acidic volcanic rocks such as rhyolites
and ignimbrites, due to their felsic composition, have a
higher content of Na and K (Tarbuck and Lutgens 2005).
The influence of this type of rock is reflected in the water
chemistry, and as shown in Fig. 2, where the bicarbonate-
calcium and bicarbonate-sodium water type prevails. As
explained in Singhal and Gupta (2010), when the minerals
present in these rocks dissolve in the water, they cause the
release of cations such as Ca, Mg, Na, and K. This situa-
tion is also observed in Fig. 5, as the concentration of Na
increases, the concentration of Ca and Mg decreases. This is
also demonstrated in the results presented in Table 1, where

@ Springer

Na, Ca, Mg, and K are found in order of predominance. In
order of predominance, the anions are HCO;, SO,, and Cl,
and this also gives an indication that the composition of the
water comes from the interaction of water with rock. This
information provides an idea of the geochemical evolution
of groundwater—as Chebotarev explained in 1955, natu-
ral groundwater tends to evolve towards the composition of
seawater, and chemical evolution in terms of the dominant
anions follows the following sequence:

— - path and residence time —» —

HCO; — HCOj and SOi_ - SOi‘ - Soi— and Cl- = CI-
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Changes occur as water moves from recharge zones, to
discharge zones, and the water is therefore older in geo-
logic time. Water dissolves the minerals that it finds until
it reaches the limit set by the corresponding equilibrium
constant. When that happens, it will no longer dissolve
that mineral, and it will instead continue to dissolve other
minerals that have a higher constant until it reaches equi-
librium again and so on (Chebotarev 1955). According
to this information, it could be concluded that the water
being extracted in SR is a mixture of recently infiltrated
water and deeper water. The bicarbonate-sodium water
type samples and bicarbonate-chloride-sodium type were
in the south and south-east of SR, where the higher con-
centration of iAs and F~ were recorded. This hypothesis
is supported by the results obtained by Horst et al. (2008),

where residence time in groundwater was calculated using
chlorofluorocarbon, radiocarbon and tritium. The most
reliable estimation of the residence time was obtained
by interpreting the tritium activities. The results showed
mean residence times of 70 to over 300 years, applying
the exponential flow model. Although it is important to
mention that, in at least one case, the existence of ground-
waters with residence times of more than 10,000 years was
found, and some other groundwaters were found with resi-
dence times between 400 and 1700 years, using radiocar-
bon. The increase in Specific Conductivity is also related
to this situation due to the dissolved ions during the water
flow path, in the deeper aquifers the salinity is generally
higher. The concentration of nitrates in general was low in
the samples analyzed, its origin is attributed to agriculture,
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Fig.7 Concentration of major
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which occupies the main land use in SR. Fertilizers used in
agriculture and urban septic leachates are the main sources
of nitrate concentrations in both surface and groundwater
(Singhal and Gupta 2010).

The highest concentrations of iAs and F~ are found
mainly towards the south, east and west of SR and their
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presence is mainly related to local geology. The rocks that
predominate in the valleys and hills of the north, west and
south correspond to alluvial deposits, basalts, and volcanic
rocks with age of Tertiary to Quaternary (Nieto-Samaniego
et al. 2016). According to data obtained through geophysi-
cal and geological analysis by Lesser (1998), in the south of
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Fig.9 Distribution of the groundwater temperature in SR in samples
taken in 2019. Samples whose maximum recorded temperature was
25 °C (room temperature) are shown in green, and samples with tem-
peratures considered thermal according to IGME are distinguished in
orange and red, with the colour indicating the increase in temperature

the valley of SR, the basement of the aquifer corresponds to
altered rhyolites, which were mainly characterized by hydro-
thermalism. Quaternary material is found on the rhyolites
with thicknesses ranging from 150 to 450 m. Volcanic rocks
can contain As in their structure, and As concentrations
in rhyolites can range from 3.2 to 5.4 mg kg~! (Smedley
and Kinniburgh 2002). There are very few studies related
to the water quality of the SR aquifer. Most of them are
focused on sediments and surface waters, especially in the
north of SR due to the presence of the Guanajuato Mining
District. The gangue mineralogy reported is mostly quartz,
feldspar, pyrite, calcite, and clays (kaolinite, smectite, and
chlorite). The ore is disseminated in sulfides and sulfosalts,
such as pyrite (FeS,), galena (PbS), chalcopyrite (CuFeS,),
sphalerite (ZnS), polybasite (Ag, Cu) (16Sb,S;,), native
silver, a solid solution of acanthite-aguilarite-neumanite

from orange to red. Also shown are geological faults, the main bodies
of water, streams, municipal capitals, equipotential lines, flow direc-
tions, mines and the Digital Elevation Model ranges. Source: The
Digital Model of Elevation ranges taken from INEGI (2011), and the
rests are own data

(Ag,SAg,SeS-Ag,Se), and electrum (Miranda-Avilés et al.
2012). These sulfide minerals can contain As and it is known
that the chemistry of As and S is very similar. Therefore, it
is common to find As in sulfurous environments (Smedley
and Kinniburgh 2002). When these minerals contact with the
atmosphere, they oxidize, and As is released. The following
reaction (1) is an example of this mechanism (arsenopyrite
oxidation):

4FeAsS + 130, + 6H,0 — 4Fe** + 4AsO3™ + 4807 + 12H".
()

As mentioned previously, most of the water quality
studies in SR focus on surface waters such as river water
or dams, in addition to soils and sediments, and few have
addressed the water in wells. High concentrations of As, Cu,
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Fig. 10 Distribution of groundwater pH in SR for samples taken in
2019. Neutral samples are shown in yellow, slightly alkaline samples
in light green and alkaline samples in dark green. Also shown are
geological faults, the main bodies of water, streams, municipal capi-

Pb, Cs, Sb and Zn have been reported in sediments and it
has been determined that the greatest contribution of heavy
metals occurs in areas near mines and mineral deposits in
the Guanajuato Mining District (Miranda-Avilés et al. 2012;
Solis-Reyes et al. 2018). The results of sampling from vari-
ous reservoirs and tailings dams determined that the most
of them are not releasing potentially toxic elements into the
environment. Only in the case of one tailings dam did the
concentrations of As, Pb and Cr exceed the corresponding
maximum permissible limits (Esparza-Claudio and Cérdova
2016). The presence of As has been also determined in the
first soil horizons near the south-east of SR, and these soils
are irrigated with groundwater rich in As. Horizons richer
in clay-sized particles inhibit the downward migration of
As, while Fe oxides form as a product of mineral weathering
during the soil formation and organic matter likely scavenge
any As by adsorption (Zanor et al. 2019). Cano-Rodriguez
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tals, equipotential lines, flow directions, mines and the Digital Eleva-
tion Model ranges. Source: The Digital Model of Elevation ranges
taken from INEGI (2011), and the rests are own data

et al. (2000) evaluated the water quality of some wells in
Puentecillas and in the La Purisima dam. No metals were
determined in the well water, only in sediments, rivers and
in the dam. Concentrations above the MPL of As, Pb, Hg,
and Se were found in the dam. High concentrations of phos-
phorus were found only in the well water.

As for F~, it is known that there are also non-metallic
mineral deposits in the area, such as deposits of kaolin,
which was formed from strong hydrothermal alterations.
These deposits are also associated with the sites of rhyolitic
domes. The presence of fluorine in topaz and biotite, which
are found in the rhyolite rocks that are part of MC, has been
corroborated (SGM 1999; Orozco-Esquivel et al. 2002),
as that has the presence of topaz in rhyolites in San Luis
Potosi (Aguillén-Robles et al. 1994). Their temporal and
spatial relationship suggests that they come from the same
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magmatic chamber as rhyolites and the rhyolites which are
from the basin north-east of SR (Parga 2003).

As mentioned in Singhal and Gupta (2010), the pres-
ence of As, Fe, Pb, Zn, Hg, low pH, and high SO, are
related to mining and related activities. The results
obtained show very low correlation of the iAs concentra-
tion with Fe?* (R?=— 3.94E~'7) and low correlation with
SO42_ (R*=0.24). For this reason, the presence of iAs is not
attributed to the oxidation of sulfide minerals. In addition,
in the wells nearest to the Guanajuato Mining District, the
concentration of iAs tended to be below the MPL of the
Mexican regulation.

On the other hand, the hydro-chemical results showed
a high positive correlation of the concentration of iAs
with Na* (R?=0.73) and a low negative correlation with
HCO;™ (R2 =—0.02), a moderate negative correlation with
Ca®* (R>=— 0.54). The results showed a low negative corre-
lation of the concentration of F~ with HCO;™ (R*=-0.03),
a high positive correlation with Na* (R>=0.68), a moderate
positive correlation with Ca>* (R*=0.43) and a low positive
correlation with SO,>~ (R*=0.22). A high positive correla-
tion was found between iAs and F~ (R?=0.68), which could
indicate that they may have same sources of origin. Addi-
tionally, the type of water that prevailed in samples with high
concentrations of these elements was bicarbonate- sodium.
Therefore, it is suggested that the presence of iAs and F~ is
due to the dissolution of volcanic rocks, especially rhyolites.

It is hypothesized that iAs and F~ are adsorbed on the
volcanic rock, which then begins to dissolve when it meets
water at high temperature and pH conditions. The following
reaction (2) is an example of this mechanism (Biotite dis-
solution according to Pettenati et al. 2013):

KMg, sFey sAlSi30,0(0H), 75Fy 55 + 9.75H"
+0.25H,0 — AP* + 0.25F + 0.5Fe** )
+ KT +2.5Mg* + 3H,Si0,.

At very alkaline pH (greater than 8.1), As and F~ desorp-
tion of the geological material occurs (Dzombak and Morfel
1990; Carrillo-Rivera et al. 2002; Smedley and Kinniburgh
2002). The results obtained show a high positive correla-
tion of the concentration of iAs with pH (R*=0.54), and a
moderate positive correlation of the concentration of F~ with
temperature (R>=0.44) and a high positive correlation with
pH (R*>=0.66), respectively.

The following reaction shows the process of dissolution
of albite, which was recorded as present in the volcanic
rocks from the basin north-east of SR (Mahlknecht et al.
2004Db). Kaolinite has been shown to be present in SR (SGM
1999; Miranda-Avilés et al. 2012). Na and OH™ ions, silicic
acid (H,Si0,4) and kaolinite (Al,Si,05(OH),) are integrated
into the solution as a result of the dissolution of sodium
feldspar, contributing to the increase in alkalinity and pH

(Stumm and Morgan 1981). The following reactions (3 and
4) shows this process:

NaAlSiy04(s) + 1%1{20
= Na* + OH™ + 2H,SiO, (3)

+ SALSLOS(OH),(s),

NaAlSiz 0y, + HyCO; + gHzo
= Na* + HCO3 +2H,Si0, 4)

+ %AZQSi205(0H)4.

The presence of geology seemed to influence the con-
centration of iAs and F~. Therefore, it could be considered
that the groundwater contains high concentrations of these
elements because of deep thermal waters, which have had a
long interaction time with volcanic rocks, and then mix with
more recent infiltration waters and are transported to the
surface through pumping. Due to the volcanism generated
in the Oligocene, it is possible that there are underground
geological faults that facilitate the transport of these ele-
ments in the extracted groundwater. Further analysis in this
area is recommended to confirm this hypothesis. Possibly,
some faults or geological structures exist near to the wells
with the highest concentrations of these elements. Lesser
(1998) also mentioned three connected aquifers: a shal-
low one, an intermediate one, and a deep one. The shallow
and intermediate layers were overexploited in recent years
and are depleted, so the main current source of water is the
deep aquifer. The border between these layers is made up
of numerous clay lenses, and this could influence the con-
centration of these elements in the water. As mentioned by
Smedley and Kinniburgh (2002), As could be adsorbed to
oxides or oxyhydroxides of the quaternary material. It is
very important to continue with different analyzes of the
water and the geology of the SR. Especially in areas where
the concentration of these elements exceeded the MPL by
the aforementioned regulations. Primarily in the south-east
of SR in well P14, which showed the highest concentrations
of Na, HCO;, SO,, Cl, iAs and F~. Figure 7 shows the con-
centrations of the largest ions in the water from this well.
While in the other SR wells, the maximum concentration
of Na, HCO;, SO,, and Cl was 152 mgL_l, 487 mgL_l, 95
mgL~! and 86 mgL~!, respectively, and in P14 the concen-
tration of the same ions was 689 mgL~!, 1245 mgL™", 295
mgL~" and 251 mgL ™", respectively. Furthermore, this well
is characterized by its thermal temperature (30 °C) and alka-
line pH (7.6). Probably in this area, there is some geologi-
cal fault that allows the extraction of deeper groundwater.
With the results presented here, it has not been attributed
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to anthropogenic contamination, because nitrate concentra-
tions were relatively low (0.2 mgL™"). For this reason, it
is extremely important to continue with the corresponding
studies to determine the origin of these elements and reduce
the risk to the health of the population.

Conclusions

The Silao-Romita aquifer is an important source of water
supply since it supports more than one million inhabitants
and auto industry of the state of Guanajuato. Unfortunately,
there are no water quality studies for this aquifer.

Hydro-chemical characterization is carry out to evaluate
the quality of the water and its interaction with the subsur-
face environment, to identify water—rock reactions, ground-
water flow that occur in aquifer systems.

The results obtained in this study made it possible to
determine the areas where there is a presence of hydrother-
mal flows, mainly in the center and south of the SR, and
where there is an intensive pumping action. The alkaline pH
values and the high Specific Conductivity values coincided
spatially with the temperature, which made it possible to
determine that the water extracted in this area is that more
mineralized, that is, from deeper aquifers.

The analysis of the type of water family allowed to cor-
roborate that there is a marked influence of the geological
units present in the study area. The basalts, andesites, rhyo-
lites and ignimbrites, cause the release of cations such as
Ca, Mg, Na, and K. It also allowed the delimitation of the
groundwater recharge zones, which were found near the
Sierra de Guanajuato and Cerro El Veinte, and the discharge
zones, which occurred in the SR valley.

Of the samples analyzed, approximately 44% showed
concentrations of iAs above the MPL established by the
WHO, and 28% showed concentrations of iAs above the
MPL given in the Mexican regulations. Concentrations of
F~ in approximately 8% of the samples exceeded the MPL
for both regulations. Sites with the highest sampled con-
centrations of iAs and F~ were located mainly in the south,
west and east of SR. These samples were taken from sites
that tended to be located on altered rhyolitic rocks with pres-
ence of hydrothermalism. The type of water that predomi-
nated in samples with a high content of these elements was
bicarbonate-chloride-sodium, therefore, according to the
Cheboratev anion sequence, the water comes from deeper
and older flows.

Due to the results obtained from the correlations between
iAs, F~ and the physicochemical parameters, it is suggested
that the presence of iAs and F~ is due to the dissolution
of acidic volcanic rocks (rhyolites). Groundwater contains
high concentrations of these elements, because deep thermal
waters, which have had a long interaction time with volcanic
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rocks, mix with more recent infiltration waters and are car-
ried upwards through pumping. The results obtained showed
a low correlation between iAs with Fe and SO,, therefore,
mining activities were dismissed as a source of As.

The difference in concentrations of iAs and F~ in groundwater
could also be related to the adsorption of these elements in oxides
or oxyhydroxides present in the quaternary material, in addition
to possible geological faults or underground fractures that facili-
tate the transport of these elements to the surface.

This project serves as the basis for future studies on the
water quality of the SR aquifer. With the spatial distribution
of the concentration of iAs and F~, it is possible to focus on
areas with higher risk of water quality (high concentrations)
for future hydrogeological studies. It also encourages further
studies on the aquifer system in general, since there is a
large lack of knowledge on the subject and of available infor-
mation. To corroborate the hypotheses raised in this study,
further work is necessary on additional hydrogeochemical
analyzes and on the reactive transport model, which will
offer very useful tool to resolve the water-related problems
in the area.
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