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Abstract

The sources, mobility, and controlling processes of arsenic (As) in an aquifer system in the Cerritos-Guadalcazar area of
Central Mexico were investigated. High As concentrations (up to 128 pg/L) in groundwater were found to be associated
with both primary sources (rocks and tailings) and secondary sources (soil and sediments). The high As concentrations in
the otherwise pristine Cerritos shallow granular aquifer are the result of a distant source of As-rich sediments eroded from a
mineralized area in the recharge zone of a karstic aquifer. An intermediate groundwater flow system delivers the As load from
the karstic to the granular aquifer. In addition, identification of a Na—Cl water type in the shallow granular aquifer indicates
a regional flow; however, additional information is needed to corroborate this assumption. Local flows in the karstic aqui-
fer are Ca—HCO; water type with low (<1 pg/L) dissolved As concentrations. Principle axis factor analysis shows distinct
groupings associated with different aquifer characteristics. The sulfate factor dominates in the southern area of the granular
aquifer, which explains 30% of the total variance. The arsenic-uranium factor is expressed in samples from deep and dug
wells tapping the basin sediments. A conceptual model was developed where the path of the As is shown. Three groups of
samples showed negative correlation among deuterium excess and As concentrations. Evaporation modeling to simulate the
As enrichment showed that evaporation processes play an important role in As behavior. This research can provide a tool for
further studies in the Sierra Madre Oriental.
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Introduction

Arsenic (As) is an inorganic trace element naturally occur-
ring in water. The incidence of As concentrations above
drinking water standards in groundwater is a threat to
human health (He et al. 2020, 2021; Podgorski and Berg
2020). Naturally occurring in rocks, soils, water, and air,
As is mainly associated with sulfide minerals or hydroxides
(Bundschuh et al. 2012; Chakrabarti et al. 2018; Guo et al.
2014; Srivastava and Kumar Sharma 2013). Most of the
investigations of dissolved As have evaluated primary As
sources such as sulfides, oxides, phosphates, silicates, and
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sulphate minerals, volcanic glass, and hydrothermal miner-
als, such as orpiment (As,S;) and realgar (AsS; e.g Smedley
and Kinniburgh 2013; Wang et al. 2019; Zabala et al. 2016).
Also secondary sources such as Fe-, Mn-, and Al-(hydr)
oxides and clays have been considered (e.g. Nicolli et al.
2012; Panagiotaras and Nikolopoulos 2015; Zhu et al. 2015).
Common As-bearing minerals occurring as the source of
this element in groundwater are pyrite (FeS,) and arseno-
pyrite (FeAsS; e.g. Sorg et al. 2014; Wei et al. 2021), and
in many cases, As can co-occur with other elements such as
fluoride, iodine, and iron (Li et al. 2021). The reactivity and
mobility of As are controlled by Fe minerals and the prevail-
ing physicochemical conditions (pH, redox potential, ionic
strength, and organic matter content). The As concentration
in groundwater depends on several factors such as the geo-
logical and tectonic setting, the hydrogeological regime, and
groundwater exploitation.

Naturally occurring As as a pollutant in groundwater has
been identified in many areas worldwide, including Western
USA, Central America, South America, South and Southeast
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Asia, New Zealand, Germany, Iceland, and Norway (e.g.
Ahmed et al. 2004; Alarcon-Herrera et al. 2020; Bunds-
chuh et al. 2012; Bundschuh et al. 2012; Guo et al. 2011,
2012; Lopez et al. 2012; Nicolli et al. 2010; Biswas et al.
2011; Riide 1996). South and Southeast Asia are a typically
high As regions where over 100 million people have been
exposed to As-contaminated groundwater (e.g. Guo et al.
2012, 2011; Meng et al. 2017).

In the early 1960s, Mexican institutions reported health
problems for inhabitants in arid to semiarid areas, because
of the consumption of groundwater with high As concen-
trations (e.g. Alarcon-Herrera et al. 2013; Banning et al.
2012; Morales et al. 2015; Navarro et al. 2017). Two main
As sources have been identified in Mexico: anthropogenic
and geogenic. The former is due to mining and metallurgi-
cal activities and the latter is because of the specific phys-
icochemical conditions (sulfide oxidation, climatic condi-
tions, and low pH). Most of the population affected by these
conditions live in rural areas where their main economic
activities are seasonal agriculture and cattle ranching, and
where groundwater rich in dissolved As is consumed from
shallow aquifers.

Recently, elevated groundwater As concentrations (up
to 128 pg/L) were reported in the central part of San Luis
Potosi (SLP) State, in Central Mexico, particularly in the
Guadalcazar area and Cerritos Basin (CB; Konefke 2018;
Palm 2008). At this point, the As concentrations were identi-
fied not only in rocks in the mineralized (Guadalcazar) area
upstream of the CB, but also in the shallow groundwater
of the basin fill sediments. Regarding As described in the
preceding, most of the reviewed scientific papers describe
either primary or secondary As sources to groundwater. It
is important to evaluate alternative scenarios of dissolved
As load contributed from primary and secondary sources
to groundwater flow systems, and when additional physi-
cal processes modify groundwater composition. Therefore,
this report aims to provide a deeper understanding of: (1)
As concentrations in primary and secondary sources; (2)
the link between the primary and secondary As sources to
groundwater of the Guadalcazar area and the CB; (3) the
spatial As distribution; and (4) identification of factors con-
trolling the As mobility in the shallow aquifers.

Materials and methods

Study area

The study area, with a surface area of 1,350 km?, lies
on the Sierra Madre Oriental (SMO) in central Mexico,
bounded to the north by the Guadalcazar mountains—1,800

meters above sea level (masl)—and to the west and east by
ranges of folded limestone. The CB is oriented NW-SE,
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and is controlled by the SMO regional trend; it slopes from
NW-SE, and the average plain elevation is 1,130 masl
(1,160-1,100 masl). The area is situated between latitude
22°05' and 22°45'N and longitude 100°30" to 100°05'W
(geographic coordinates; Fig. 1) and includes the municipal-
ities of Cerritos, Guadalcazar, and Villa Juarez, with a total
population of 57,500 inhabitants, where agriculture and live-
stock are the main economic activities (INEGI 2020). Espe-
cially at the southern end of the study area, the development
of greenhouse vegetable production has added an important
stress factor to the natural resources of the area. The climate
is semiarid, with an annual average precipitation of 620 mm
in the northwest and 660 mm in the southeast with potential
evapotranspiration in the region of 2,369—1,838 mm for the
period 1962-2017 (CONAGUA 2019). The rainy season
lasts from May to October. Annual average air temperature
in the area ranges from 18 °C (average monthly range from
13 to 21 °C) to 20 °C in Cerritos (average monthly range
from 14 to 24 °C). Thermal variation from the rainy to the
dry season is 9 °C, with the moisture source originating from
the Gulf of Mexico (Calva 2011). The area is located within
the Panuco Hydrogeological Region (No. 26). Ephemeral
and intermittent streams are recognized in the northern part
of the area; from direct field observations, it was identified
that a fraction of the surface flow infiltrates the CB plain. In
addition, there is a perennial stream fed by several springs
located to the south of the study area discharging to the
neighboring basin. Guadalcazar is located in a large polje
and during the rainy season, surface water is ponded at the
southern edge of the polje.

The study area includes two main important aspects with
respect to this study: (1) gypsum rocks outcropping in the
mountains and the sediments of a former lake dominating
the geology of the CB, and (2) large-scale Cretaceous karsti-
fication resulting the Guadalcazar Polje (GP). There, a gra-
nitic intrusion produced an ore body (see the following) in
the Tertiary, which was mined for Au and Ag in the past at
the site of El Realejo (ER). The Valles—San Luis platform
of Mesozoic age is one of the five carbonate rock provinces
in Mexico and consists of folded sedimentary marine rocks
including evaporites, limestone, sandstone, and shales (Rod-
riguez-Hernandez et al. 2009; Tristan-Gonzélez 1977). From
the end of the Jurassic and continuing through the lower
Cretaceous, the Guaxcama Formation (Gypsum-Anhydrite,
Fig. 1) of Aptian age was deposited. These evaporitic rocks
outcrop to the south of Villa Juarez. The sequence is consti-
tuted predominantly by light- to dark-gray anhydrite layers
(2-50 cm thick), with some interbedded white gypsum and
dark gray dolomite. The Rioverde borehole (40 km southeast
of Villa Juarez) encountered this formation from the land
surface up to a depth of 3,000 m (Torres-Hernandez 1994).
Sediments of Albian-Cenomanian age comprise the Abra
Formation (Limestone, Fig. 1), consisting of tightly folded
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carbonate marine rocks with a NW-SE trend outcropping in
the mountain ranges of the area and concordantly overlying
the Gypsum-Anhydrite sequence. It is a light-brown to gray
fine-grained limestone (ranging from mudstone to wacke-
stone and grainstone) with dark-brown dolomite horizons,
0.8-2.6-m-thick layers, occasionally massive. Corrosion and
karstification have taken place at different scales. The largest
feature is the GP which is a closed basin with a flat bottom
and steep peripheral slopes. Except for some intermittent
streams, drainage is mostly underground and sinkholes at the
southern rim of the polje mark the inflow of surface water
to the karst aquifer.

Felsic rocks of Tertiary age intruded the calcare-
ous sequence; magmatic activity took place forming a

Guadalcazar

Cerritos

mineralized granite in the northwest ER area with some
felsic volcanic rocks to the east (Chryssoulis and Wilkinson
1983; Fig. 1). Furthermore, during the subsequent tectonic
extension, the CB developed as one of several NW—-SE strik-
ing basins (Soto Araiza et al. 2007).

Two types of structures characterize the study area, the
first related to the Laramide Orogeny and the second related
to the karstification processes. The anticlines of the Sierra
de Guadalcazar to the northwest of CB are an example of
the former. Aligned with this orogeny are several ductile
to ductile-brittle tectonic features like foliation planes in
the hinge zone of anticlines and synclines of the Gypsum-
Anhydrite and Sandstone-Shales Formations showing a
NW-SE orientation, which implies an E-NE orientated
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stress (Soto Araiza et al. 2007). The Sierra de Guadalcazar
is a major structure formed during the Laramide Orogeny
(Torres-Hernandez 1994). Additionally, a later extensional
regime led to mainly brittle deformation and had two differ-
ent phases. The first formed NW-SE discontinuities such
as the Cerritos-Villa Juarez Valley, while the second phase
produced NE-SW-orientated faults and corresponding vol-
canism (Torres-Hernandez 1994).

Gypsum diapirism started the development of the GP
(Torres-Hernandez 1994). The weakening of the covering
folded limestone units enabled deep karstification and polje
formation during the lower Tertiary age. Granitic magma
intruded the center of the collapsed area in the Oligocene
and the ore body formed at this or slightly later stage (Tor-
res-Hernandez 1994). Successive erosion led to the current
shape of the GP. The topography and relief control the gen-
eral groundwater flow direction to the southeast (Fig. 1). The
recharge comes from the sierras located to the northeast and
northwest as well as by surface runoff, recharge induced by
irrigation returns, leaks in the water irrigation systems, and
leaks in drinking-water distribution systems. The total aver-
age annual recharge received by the aquifer corresponds to
the sum of all the volumes entering the aquifer. In this case,
its value is ca. 72.7 hm?/year. Discharge from the aquifer
occurs mainly by pumping, in a limited region by horizontal
subsurface flow, and springs; therefore, the discharge vol-
ume is about 50.4 hm*/year.

The Gypsum-Anhydrite formation constitutes the
regional hydrogeological basement for the groundwater flow
systems. In addition, Sandstone-Shales units in the folded
rock pile provoke changes from unconfined to confined
behavior of the hard rock aquifer. INEGI (2002) identifies
two different aquifers; the first is a karst aquifer of folded
calcareous limestones, which allows a regional flow through
the karstic system. This aquifer is unconfined and consists
of limestones and extrusive igneous rocks; hydraulic con-
ductivity is assumed as 1 x 10~ m/s. However, four pump-
ing tests were performed at the deep wells 14-16, 14-57,
14-80, and 14-107, giving hydraulic conductivity ranging
from 8.8 x 1077 to 4.2 x 107°. Likewise, the formation of
synclines and anticlines enables a hydrological connection
between the limestone and the conglomerates and alluvium
located at the top of the sequence. The second heterogeneous
aquifer consists of alluvial sediments and is located in the
center of CB. To the south and southeast, this aquifer con-
sists of a Quaternary gypsum unit and conglomerates in the
lateral borders. While the fine granular material shows a low
permeability, the western parts consist of calcareous con-
glomerates with higher permeability. At a depth of ca. 300
m, the aquifer changes from unconfined in the northwest to
confined at the south and east of the village of Villa Juarez.

The water quality differs from low salinity (minimum
electrical conductivity, EC = 180 puS/cm) to high salinity
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(maximum EC = 4,770 pS/cm). The highest salinities occur
in the southern to southeastern parts, where the groundwater
circulates through gypsum sediments, while low salinities
occur to the north, northwest, and west of Cerritos, where
the water is in contact with the calcareous units. The ground-
water levels range between 2.5 and 34 m below surface.
Some dug wells dry out from time to time due to the lack of
sufficient recharge during rainy season. Water supply to the
entire population of the study area depends on the ground-
water resources. On the one hand, deep wells (30—-180 m
depth) tapping the limestones are the main source of water
supply in the city of Cerritos (hereafter Cerritos). In con-
trast, dug wells (5—15 m depth) tapping the basin fill are the
main source for water supply for cattle ranching, agriculture
irrigation, and water supply to the rural communities sur-
rounding Cerritos. Further, in the Guadalcazar area, springs,
dug wells, and deep wells are the main groundwater sources
tapping the limestone units. Due to the lack of a treatment
structure, sewage systems discharge their untreated wastewa-
ter directly to dolines with the risk of polluting the ground-
water. For this semiarid region, it is important to have a good
management of the resource in order to provide good quality
drinking water to householders.

Groundwater sampling

Field trips have identified a total of 65 deep wells, 85 dug
wells, 25 springs, and several ponds in the study area. With
this information, a representative set of water samples for
chemical and isotope analysis from the karstic and granular
aquifers was collected (Palm 2008). Following the prelimi-
nary interpretation of the results, specifically the identifica-
tion of high As concentrations in some dug wells, additional
groundwater and surface-water sampling campaigns were
conducted in 2018 (Konefke 2018) and 2019. A total of 95
water samples were taken from 13 springs, 41 dug wells
(5—15 m deep), 39 deep wells (30—180 m deep), 1 pond, and
1 drainage ditch (Fig. 1). Water samples were taken from
deep wells penetrating the karstic aquifer and the unconfined
granular aquifer, and they are screened from the phreatic
level to total depth; dug wells tap the phreatic water level
of the unconfined aquifer. Karstic aquifer natural discharges
provide water for low-yield (<2 L/s) ephemeral springs and
high-yield (>50 L/s) perennial springs. In addition, the Gyp-
sum-Anhydrite unit hosts some springs in the southwestern
part of the study area. Locations of all water samples are
shown in Fig. 1, where they have been classified according
to sampling site conditions. Deep and dug wells were purged
prior to sampling for at least 5—10 min; however, accord-
ing to water use (public, irrigation, domestic, cattle), they
had been pumped continuously for several hours. Pumping
equipment included submersible and vertical pumps (2-8
inches (5-20 cm) in diameter) and wind-powered piston
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pumps (1-2 inches (2.5-5 cm) in diameter. Spring sampling
was done by a hand-operated bailer or a plastic tube in which
samples are collected by gently lowering the bailer or a plas-
tic tube into the water column and allowing water to fill from
the base upwards through a nonreturn ball valve according
to local conditions.

On-site measurements

On-site measurements included temperature (7), electrical
conductivity (EC), pH, and dissolved oxygen (DO). The
deep well and dug well head works consisted of discharge
mains with either valves or discharge tubes, allowing the
implementation of a plastic tube connected to a closed flow-
through isolation cell to prevent CO, degassing and atmos-
pheric contamination, in addition to its enhanced electrode
stability. Portable field equipment was calibrated daily for
pH (4.0 and 7.0 buffer solutions) and DO measurements
(zero oxygen calibration solution); appropriate performance
of the EC electrode was controlled daily with a calibration
solution. Alkalinity determination was completed by acid-
base titration on filtered (0.45 pm) samples (Gran Method,
1. 6 N H,S0,). Aliquots for major anions (CI", SO,*~, NO;",
F) were filtered in the field through a 0.45-pm membrane
and were used for laboratory analysis by ion chromatogra-
phy. Filtered and acidified (1% in ultrapure HNO;) aliquots
for major cations, Si and a wide range of trace elements were

Fig.2 Solid samples: a rocks, b
sediments, ¢ soils, and d tailings

analyzed either by ICP-OES (inductively coupled plasma
optical emission spectroscopy, Thermo Scientific Model
ICAP 700) or ICP-MS (inductively coupled plasma mass
spectrometry, Thermo Scientific Model ICAP 5000). Based
on sample replicability, analytical precision for ion chroma-
tography was within 3% of the concentration, with detection
limits which were between 0.01 and 0.03 mg/L for undiluted
samples. Accuracy was controlled by using laboratory and
field duplicates of samples. Calibrations for ICP-OES and
ICP-MS analysis were performed using diluted standards.
Accuracy was controlled by using duplicate analyses, appro-
priate laboratory standards, and checking each batch using
international reference standards, including NIST-1640 and
SLRS-4. Additional filtered aliquots for isotope analysis
(8°H, 5'%0) were measured by isotope ratio mass spectrom-
etry. The precision of measurements for stable isotopes was
+0.1%0 (VSMOW) for 6'%0 and +1%. (VSMOW) for &°H.

Solid sampling

In order to characterize the primary and secondary As
sources, 43 solid samples were taken (Figs. 1 and 2): (1)
nine rock samples were obtained including the intrusive
body ER, and rhyolitic rocks (with a variable alteration
grade); (2) five sediment samples from 0.15-cm-thickness
sections crosswise were obtained from intermittent streams
downstream of the intrusive body (see Figs. 1 and 2b); (3)
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23 soil samples were obtained in agricultural areas in order
to verify the potential influence of the intrusive body and
the sediments in the basin (Figs. 1 and 2c), and a handheld
auger device was used for the soil sampling; and (4) 6 com-
posite samples from selected tailings heaps were obtained at
the ancient mining sites and sieved using 100 mesh (0.149
mm) screen in the field (Figs. 1 and 2¢). Solid samples were
dried for 5 days at room temperature and pulverized using a
Retsch mechanical mortar grinder producing <10-pm-size
particles. Total digestion was achieved using a microwave
reaction system, adding 2 ml of ultrapure hydrofluoric (HF)
and 3 ml of ultrapure nitric acid (HNO;) to 0.1 g of sample
(USEPA 2004). Digested samples were analyzed for major
and trace elements using ICP-OES and ICP-MS. Accuracy
was controlled using appropriate laboratory standards and
checked during each batch using international reference
standards, including Montana I Soil (Mackey et al. 2010)
and Silver Plume granodiorite (Gunderson 1998). Results
always showed a less than 10% difference from the certified
value.

Data quality and statistics

In order to verify the accuracy of the groundwater results,
not only duplicates and blanks were measured, but also

international certified reference materials were used, and
likewise for solid samples. An internal check on the ana-
lytical quality of the water chemistry results was made by
the ionic balance as calculated with PHREEQC. About
77% of samples were within 5% of the ionic balance
and the rest within 5 to 10%. Table 1 shows descrip-
tive statistics of the water samples; however, Table S1
of the electronic supplementary material (ESM) shows
the complete data set. For the statistics, the pond (L-01),
the drainage (L-02), and one deep well (L-21) were not
considered because of their extreme concentrations. The
software IBM® SPSS® Statistics Version 25 was used
to evaluate the data. Factor analysis was used to reduce
the variables, e.g. (m) of the dataset of n samples to a
few stochastically independent factors. These factors
will represent certain processes that include many vari-
ables (Schafmeister 1999). Principal component analysis
(PCA) has been used in many scientific publications to
evaluate the correlation between the original data and
each principal component. However, in this study, with
a large database including random samples, PCA did not
deliver useful data for further interpretation. The use
of principle axis factor analysis (PAA) is appropriate
because it allows a residual variance. For the calcula-
tions, a robust transformation of the data was carried

Table 1 Descriptive statistical data for field parameters, major and minor ions, and trace elements in groundwater samples. SD standard devia-

tion

Cerritos basin (n = 92)
Parameter WHO guideline NOM-1994 Range Average SD % samples above WHO % samples above NOM

guideline guideline

pH 6.5-8.5% 6.5-8.5 6.4-8.2 7.2 0.4 0 0
EC (pS/cm) - - 180-4,770 1,307 962 0 -
DO (mg/L) - - 0.1-10.8 43 2.6 - -
T (°C) - - 14.9-29.9 22.6 2.8 - -
HCO; (mg/L) 250° - 106-657 338 112 - -
CI” (mg/L) 50 250 9.1-690 60.6 99.3 4 4
NO;™ (mg/L) 250 - 0.4-234 24.6 374 11 -
SO,* (mg/L) 200* 400 1-1,964 412 544 37 34
Na® (mg/L) - 200 2-768 80.4 124 12 12
K* (mg/L) - - 0.6-29.1 7.6 6.1 - -
Mg?* (mg/L) - - 0.8-216 40 54.8 - -
Ca’* (mg/L) - - 32.9-589 169 123 - -
Al (pg/L) 10 200 0.1-1,074 53.5 124 - 4
As (pg/L) 2,400 25 0.01-128 19.7 254 45 27
B (pg/L) 1,300 - 0.2-1,455 227 340 0 -
Ba (pg/L) - 700 2.6-957 98.5 144 0 2
Br (pg/L) 1.5 - 1.7-3,456 388 688 - -
F (mg/L) 0.3* 1.5 0.01-2.2 0.8 0.6 13 13
Fe (mg/L) - 0.3 0.2-2,664 129 375 10 10
Li (pg/L) 80 - 0.4-466 50.5 66 - -
Mn (pg/L) - 150 0.01-408 34.1 79.8 10 9
Sr (pg/L) 30 - 22.6-14,180 2,843 3282 - -
U (pg/L) - - 0.01-28.8 3.8 4.7 0 -

*No health-based guideline value, threshold or range because of acceptability aspects
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out. To do so, the original concentration minus the first
quartile was divided by hinge spread.

The figures and the conceptual model presented in this
research have been created using the software ArcMap® and
CoreDRAW®, respectively.

Results
Solid samples
The geochemical characterization of the primary and sec-

ondary sources showed that the As concentrations found
in the rocks were in the range of 1.7-1,352 mg/kg (Fig. 3;
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and feldspar phenocrys and iron hydroxides as secondary
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Table 2 Results for solid samples

1D As [mg/kg] Type Observations

SD1 15.2 Rock Erosive channel containing large transported rhyolitic blocks

SD2 49.9 Rock Red colored rhyolite

C3 15.9 Rock Outcrops at the upper part consisting of a red ignimbrite

R1 9.20 Rock Intrusive body: taken from an outcrop near the old mining site

R2 9.57 Rock Intrusive body: taken from an outcrop near the old mining site

R6 1,352 Rock Intrusive body: taken from a high altered outcrop near the old mining site
RO-01 13.9 Rock Volcanic rock with high alteration grade (Rhyolite)

RO-02 2.95 Rock Volcanic rock (Outcrop) (Rhyolite)

RO-03 1.74 Rock Volcanic rock (outcrop) with low alteration (Rhyolite)

SC1 9.01 Sediments The fine material shows a brown color

SC2 16.6 Sediments The fine material shows a brown color

R3 275 Sediments Sample taken near the intrusive body of El Realejo

G2 152 Sediments North of Guadalcazar. The color shows indications of oxidation and hematization
SED-1 664 Sediments Riverbed with visible transport of intrusive material

SC3 Soil The soil sample was taken in an agricultural field

Cl1 13.7 Soil The soil sample was taken in an agricultural field

C2 18.9 Soil The soil sample was taken in an agricultural field

C4 26.9 Soil The soil sample was taken in an agricultural field

Gl 250 Soil Situated in the south of the Polje of Guadalcazar, close to the active doline
SO-01 337 Soil Sample taken 3 m from the riverbed downstream body of El Realejo
SO-02 173 Soil Sample taken near the drainage discharge at the doline

SO-03 116 Soil The soil sample was taken in an agricultural field

SO-04 65 Soil The soil sample was taken in an agricultural field

SO-05 10.8 Soil The soil sample was taken in an agricultural field

SO-06 12.7 Soil The soil sample was taken in an agricultural field

SO-07 11.4 Soil The soil sample was taken in an agricultural field

SO-08 14.9 Soil The soil sample was taken in an agricultural field

SO-09 14.4 Soil The soil sample was taken in an agricultural field

SO-10 11.8 Soil The soil sample was taken in an agricultural field

SO-11 13 Soil The soil sample was taken in an agricultural field

SO-12 13.0 Soil The soil sample was taken in an agricultural field

SO-13 107 Soil The soil sample was taken in an agricultural field

SO-14 79 Soil Sample taken at the edge of a dry riverbed

SO-15 373 Soil Sample taken in the pond

SO-16 170 Soil Sample taken at edge of the pond where the water does not have long contact
SO-17 306 Soil Sample taken at the beginning of the pond

SO-18 59 Soil Sample taken at the beginning of the calcareous hills

R4 1,340 Tailing Taken from mining residues close to the intrusive body of Realejo
RS 391 Tailing Taken from mining residues close to the intrusive body of Realejo
RD-1 261 Tailing Taken from mining residues close to the intrusive body of Realejo
RD-2 326 Tailing Taken from mining residues close to the intrusive body of Realejo
RD-3 3,078 Tailing The color indicates oxidation, hematization, and iron hydroxides
RD-4 5,906 Tailing The color indicates oxidation, hematization, and iron hydroxides

by the alteration grade, with higher values corresponding to  concentrations. High-intensity rain events during the sum-
the most altered samples (Table 2). mer season and steep slopes facilitate fluvial transport of

The tailings’ As concentrations were in the range  tailing particles downstream of the drainage network. This
of 260-5,900 mg/kg, with RD-3 and RD-4 (Figs. 2d  transport mechanism has been active since the beginning of
and 3; Table 2) being the samples with the highest As  the mining activities in the last century.
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The As concentration in the sediment samples were in the
range of 9-164 mg/kg (Fig. 3; Table 2). The samples with
the higher concentrations were located downstream of the
intrusive body, with sample SED-1 being the one with the
highest concentration (Fig. 3). This sample showed colors
ranging from beige to brown, indicating that the sample was
mainly composed of debris derived from the mineralized
area. The As concentrations decrease with increasing dis-
tance from the intrusive body (Fig. 3; Table 2). The As con-
centrations in the soil samples were in the range of 10.8-373
mg/kg (Fig. 3; Table 2). Two-thirds of the soil samples were
taken from agricultural areas and one-third from grazing
land. The highest concentrations were found in the southern
part of the GP (Fig. 3), at a flooding area (pond) close to a
doline. The results indicate that the sediments derived from
the intrusive body and the old mining tailings are the pri-
mary As source in the study area. Depositions in and around
dolines at the southern fringe are a secondary source of As
to groundwater.

Water samples

The groundwater quality was assessed according to the
Mexican and the World Health Organization drinking
water guidelines (WHO 2022; NOM-127-SSA1-1994 n.d.;
Table 1).

Physicochemical parameters

Groundwater samples from the study area (n = 92 samples)
showed temperatures varying from 14.9 to 29.9 °C (average
T =22.6 °C). The springs located in the limestone ranges
show the lower temperatures; in contrast, the higher temper-
atures are located in the wells in the southern section of the
study area tapping the Guaxcama Formation. The pH values
ranged from 6.4-8.2 (average 7.2), indicating circum-neutral
conditions in the shallow aquifers. Electrical conductivity
values ranged from 180 to 4,770 pS/cm (average 1,307 pS/
cm). The higher values of EC are found in the deep wells
tapping the sulfate-rich Guaxcama Formation. In addition,
these high values follow the general direction of groundwa-
ter flow. On the other hand, the lower EC values are found
in the springs located in the mountain ranges around the CB,
indicating recent infiltration.

Major ions

The major ions show a heterogeneous distribution in the
study area (Table 1). The HCO;™ concentration varies from
106 to 658 mg/L (average 338 mg/L) showing the influ-
ence of the limestone units. CI” concentrations were 9.1-690
mg/L (average 60.6 mg/L) with highest values in the deep
wells near Cerritos, indicating deep groundwater circulation.

SO,* values vary from 1 to 1,964 mg/L (average 412 mg/L)
and are mainly located in the deep and dug wells tapping the
sulfate-rich Guaxcama Formation. NO;™ concentration var-
ies from 0.4 to 237 mg/L (average 24.7 mg/L), showing the
influence of the intensive agricultural area near Villa Juarez.
F~ values range from 0.01 to 2.2 mg/L (average 0.8 mg/L),
and Na™ ranges from 2 to 768 mg/L (average 80.4 mg/L),
with the highest in samples from the deep wells near Cer-
ritos. K* ranges from 0.6 to 29.1 mg/L (average 7.6 mg/L),
with the highest mainly in the deep wells near Cerritos and
to the south of Villa Juarez. Mg** concentrations range from
0.8 to 216 mg/L (average 40.6 mg/L), and Ca>* ranges from
32.8 to 589 mg/L (average 169 mg/L). Most of the samples
(45%) are of Ca—HCO; water type and 25% of Ca-SO, water
type. The first water type is found in springs, dug wells,
and deep wells tapping the limestone units, and the second
water type is related to dug wells and deep wells tapping
the gypsum units (Fig. 4). The remaining 30% of the water
types vary from Na—HCO; (10%), Ca—C1~ (1%), Na—Cl (1%),
Na-SO, (3%), and unspecific mixtures (15%).

Arsenic spatial distribution

The As concentrations in groundwater range from 0.01 to
128 pg/L (Table 1), with the highest values located at the
southern edge of the GP (Fig. 5). The sediments proceed-
ing from the intrusive body are deposited at this location.
A sample from the pond, used for livestock watering, shows
the highest As concentration (226 pg/L) in the study area.
The CB values above the WHO guideline were found in dug
wells near Cerritos, as well as some dug and deep wells tap-
ping the gypsum units in the southern section of the study
area.

Low-As groundwater zones (<10 pg/L) were located
mostly in the limestone units where springs, and dug and
deep wells were located, indicating that the limestone does
not contribute As to the groundwater. In total, 73% of the
samples were within the As Mexican threshold; however,
for the WHO guidelines, just 55% were within the thresh-
old (Fig. 5), indicating a potential health hazard in the area.
Furthermore, the species of As calculated using Geochem-
istry Workbench® were HAsO,>™ in 92% of the samples,
H,AsO, in 5% of the samples, and As(OH); in 3% of the
samples.

Isotopic values

Precipitation data are available from several meteorologi-
cal stations within and around the study area, including one
in Cerritos and one in the town of Guadalcazar; however,
chemical or isotope data were not available. Calva (2011)
characterized the stable environmental isotopes, 880 and
8°H, in precipitation for the San Luis Potosi state. Modern
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Fig.4 Spatial distribution of the 100°30'0"W

water types
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100°20'0"W

rainfall from the region is presented by the Villa Juarez rain
collector station (VIS), within the study area at an altitude
of 1,165 masl (Fig. 1), where the range of composition for
oxygen-18 (6'%0) and deuterium (8°H) lies between —1.97
and —13.07%o and —6.97 to —=97.53%o, respectively, for the
period between 2008 and 2010 (Calva 2011) with an aver-
age of —7.51 and —48.8%o, respectively. In addition, Calva
(2011) reported isotopic ratios of precipitation in two loca-
tions (period 2008-2010), represented by the rain collec-
tor stations; the first (RCS-1) was located 50 km (2,634
masl) southwest and the second (RCS-2) was located 60
km (990 masl) southeast from Cerritos, respectively. The
weighted average calculated for the total period of the sam-
pling and for the rainy season for the sites are as follows:
8'%0 -8.48, —8.43, -9.76, -9.85, ~7.95, —8.44 and for §°H
-56.72,-59.83, -63.79,-64.63, -51.90, —53.65, respectively
(Fig. 6), which allows the identification of the main recharge
area in the study area (Fig. 6). These three rain collector sta-
tions are in a representative position in the SMO and were
used to determine the local meteoric water line (LMWL;
Fig. 6) for the study area (n = 65) and will be used as a
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reference to elucidate the origin of the precipitation water
sources. The Global Meteoric Water Line (GMWL) and the
LMWL are widely used as references for interpreting the
isotopic composition (e.g. Durowoju et al. 2019; Mathuthu
et al. 2021; Stelling et al. 2021). The LMWL is similar to
the GMWL with an equation of 8°H = 8.0985'%0 + 13.55
and R? = 0.9869. The study area’s LMWL slope (Fig. 6) is
similar to the GMWL (Dansgaard 1964), while the isotopic
composition of the groundwater samples plot on a line (§°H
=5.85345'%0 -9.176 and R* = 0.9125) with the slope being
significantly lower than the LMWL and comparable to the
theoretical slope of direct evaporation under conditions of
80% humidity (Clark and Fritz 1997), reflecting the influ-
ence of evaporation under relatively semiarid conditions. It
also produces —10.12 5'%0 and —68.44 8H values (Fig. 6),
corresponding to the initial water obtained at an altitude of
2,634 masl.

The deuterium excess (d) value was defined as the
intercept of the GMWL when the slope is 8 (Dansgaard
1964). This factor gives information on the physical con-
ditions in the vapor source area and moisture recycling. It
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is specifically sensitive to the conditions during the evapo-
ration of water from the (ocean) surface, i.e. the moisture
source conditions (Pfahl and Sodemann 2014). The d value
for the LMWL is above 10%o, suggesting moisture recy-
cling in the water source, in this case, the Gulf of Mexico.
Considering the LMWL equation, the d values for ground-
water samples vary widely, from 12.30 to 1.52%o, with a
mean d value of 8.35%o. In general, these values are lower
than 10%o, indicating groundwater recharge by summer
seasonal precipitation from moisture circulation in a warm
atmosphere.

The slope value of 5.8534 indicates a strong second-
ary evaporation (Clark and Fritz 1997; Qian et al. 2013,
2014) of the groundwater in the semiarid climate of the
area under investigation. In particular, samples of dug
wells in the range of —7.5 to -6 (% VSMOW) located to

the northeast of CB showed elevated As concentrations
varying from 20.6 to 103 pg/L, indicating an evaporation
effect. Using the LMWL and Eq. (1), d was calculated in
order to evaluate the evaporation effect in the study area.

(M

Figure 7 shows three groups of dug wells, plotted
depending on, for example, local conditions. Each group
shows a good to excellent correlation of As concentrations
and d. Group 1 is composed of three samples with excel-
lent correlation (R? = 0.98). The sample with the highest d
(5.62) and lowest As concentration (3.55 pg/L) is located
in a basin fill valley between limestone ranges in the east-
ern part of Cerritos. The sample with the lowest d (1.52)
and highest As concentration (51 pg/L) is located in the
CB in the northern part of Villa Juarez.

d = 8°H - 8.098 8'%0
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Fig.6 Stable isotopes (n = 47)
with the LMWL established for
SLP region. Data for groundwa-
ter in the study area are divert-
ing from the LMWL because of
evaporation. As values of dug
wells in pg/L

Fig.7 Arsenic (As) concentra-
tion vs deuterium excess (d) (n
=47)

Group 2 is composed of six samples with a good cor-
relation (R? = 0.85). The sample with the highest d (8.82)
and lowest As concentration (5.15 pg/L) is located at the
edge of Villa Juarez. The sample with the second lowest d
(3.21) and highest As concentration (103 pg/L) is located
in the northern part of Cerritos.
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Group 3 is composed of five samples with a fair
correlation (R?> = 0.57). The sample with the high-
est d (9.97) and lowest As concentration (7.8 pg/L) is
located to the southeast of Villa Juarez. The sample
with the second lowest d (9.57) and highest As con-

centration (34.8 pg/L) is located in the northeast part
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of Cerritos. As water from dug wells is not used for
irrigation, there is no influence by isotopically shifted
recharge from such a source. Furthermore, most of the
plants in that section of CB do not have roots deep
enough to influence the isotopic signature by transpira-
tion. The data shown indicate that the evaporation of
shallow groundwater contributes to an increase in As
concentrations in the arid climate of the region.

Table 3 Total variance explained

Factor analysis

In principal axis factoring, an eigenvalue greater than 1
was set as a threshold for selecting the factors. The out-
come was four factors (Table 3; Fig. 8), explaining 73% of
the total variance in the chemical data. The rest of the fac-
tors explaining the cumulative variance (27%) appear not
to have a clear relationship to the main factors controlling

Factor Initial eigenvalues Extraction sums of squared Rotation sums of squared loadings
loadings
Total % variance Cumulative % Total % variance Cumulative % Total % variance Cumulative %

Sulfate 4.217 35.145 35.145 4.025 33.541 33.541 3.555 29.628 29.628
Na-Cl 2.161 18.010 53.154 1.839 15.323 48.864 1.916 15.968 45.596

As-U 1.303 10.861 64.015 0.882 7.347 56.211 0.952 7.936 53.532
Nitrate 1.157 9.643 73.658 0.811 6.760 62.972 0.867 7.228 60.760

Fig.8 Spatial factors distribu- 100°30'0"W 100°20'0"W 100°10'0"W Legend
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the hydrochemical characteristics of the groundwater. In
particular, bicarbonate, as the major ion in most of the sam-
ples, is not loading on a specific factor producing several
factors with eigenvalues below 1, and these factors are not
considered further. The presented results are based on the
orthogonally rotated solution that explains 61% of the total
variance. Table 4 shows the loading of the variables (ele-
ments) on each factor. Here, the interpretation of the factors
is given. The first factor, denominated “sulfate”, includes
samples from the deep wells and dug wells tapping the Gyp-
sum-Anhydrite formation in the south. The second factor is
the “sodium-chloride” factor, which can be associated with
deep groundwater. Samples related to this factor are located
along the axes of anticlines and synclines conforming to
the adjacent mountain ranges and projected to the area cov-
ered by the sediments of the CB (Fig. §). The third factor is
mainly defined by As and uranium. Samples from deep and
dug wells tapping the basin fill are the main contributors
(Fig. 8). As previously stated, the material from the min-
eralized zone contributes to As enrichment of the soils and
sediments of this area, increasing the As concentrations of
groundwater through lixiviation. In addition, the evapora-
tion effect demonstrated with the isotopic results plays an
important role in As concentrations. The fourth factor is the
“nitrate” factor. This can be related to diffuse sources associ-
ated with intensive farming activities in greenhouses located
in the area. Additionally, other natural processes include
precipitation and decomposition of organic matter. Human
activities include runoff from cultivated land, effluents from
ponds and septic tanks, excessive nitrogen fertilizer appli-
cation, deforestation, and change in soil organic matter due

Table 4 Loadings of the variables: rotated factor matrix

Parameter Factor
Sulfate Na-Cl As-U Nitrate

Temp 0.37 0.10 -0.22 0.30
pH -0.16 0.07 0.12 -0.38
EC 0.53 0.29 0.25 0.35
Na* 0.13 0.78 0.28 0.12
K* 0.19 0.46 0.22 0.28
Mgt 0.94 -0.05 0.02 -0.01
Ca** 0.80 0.02 -0.05 0.07
HCO;” 0.15 -0.07 0.40 0.19
Cr 0.06 0.93 -0.02 -0.09
el 0.93 0.12 0.09 0.03
NO;~ -0.18 0.17 0.09 0.57
Li 0.33 0.15 0.38 0.06
Sr 0.92 0.16 0.04 -0.01
Ba -0.24 -0.15 0.00 -0.16
As -0.14 0.24 0.76 -0.14
U -0.09 0.19 0.90 -0.19
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to crop rotation (Li et al. 2018, 2019; Molina et al. 2009).
Finally, 59 samples did not have high scores on any of the
four factors described, as indicated by the 39% unexplained
variance. However, this unexplained variance (‘no factor’,
Fig. 8) was plotted to show the spatial distribution. These
samples are bicarbonate type and result from the dissolution
of the limestones surrounding the basin without expressing
special features in the principal axis factoring.

Discussion
Arsenic distribution in the solid samples

The solid samples showed high As concentrations around
the intrusive body of El Realejo. These results are in accord-
ance with the earlier study carried out in the area by the
SGM (1998) and the results found by Casentini et al. (2010),
Oyarzun et al. (2004), and Castro-Larragoitia (1995) under
similar conditions as found in the study area. The highest As
concentrations were found in the tailings from the old min-
ing areas. These elevated concentrations are related to the
enrichment of As from primary minerals in Fe hydroxides,
as these minerals form important natural As sources and
sinks (Nicolli et al. 1989, 2012; Smedley and Kinniburgh
2002; Matschullat 2000). Sediments transported by ephem-
eral streams that drain the El Realejo-Guadalcazar area are
deposited in a pond at the southern fringe of the GP. As
concentrations found in the topsoils of the pond were on
average 189 mg/kg. In the Cerritos area, all the soil samples
were above the reported mean background concentrations
of As in continental crust and surface soils (Kabata-Pendias
2011). These As concentrations in soils indicate transport of
fine material from the mineralized area into the CB, forming
a secondary source of As to groundwater.

Arsenic distribution in the shallow groundwater
and evaporation effect

Figure 5 shows groundwater from the shallow aquifer with
heterogeneous distribution of As in the CB. Most of the sites
contaminated with As were found in the central part of the
study area. A spatial relationship was identified between the
As concentrations and the general groundwater flow direc-
tion. Interpretation of the isotopic data allows the identifica-
tion of the Guadalcazar mountain range as the main recharge
area. Figure 6 allows the identification of the initial water
(intercept) of the system. During the recharge process, part
of the precipitation dissolves As from the solid matrixes.
Likewise, the run-off associated with the process transports
dissolved and suspended As to the GP. At this location, the
surficial water in contact with soils and sediments rich in
As again increases the As water concentrations and seeps
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through sinkholes. From the southwest of the pond, waste-
water from the town of Guadalcazar also flows into a water-
filled doline draining into the limestone aquifer. This As-
enriched wastewater (up to 32 pg/L) is another As source
contributing to the shallow aquifers in the Cerritos Basin.

Based on the preceding, the general groundwater flow
direction, the buried geological structures, and the As
concentrations found in the center of the CB, a hydraulic
connection was identified between the recharge area at CP
and the As-enriched groundwater found in deep and dug
wells tapping the basin fill sediments of CB. Additionally,
the evaporation process increases the As concentrations in
the shallow aquifer of the area (Fig. 6). Using the informa-
tion generated in the hydrochemical analysis of d (Fig. 6),
PHREEQC Version 3 code was used to evaluate the influ-
ence of evaporation in the As enrichment in a 20-step reac-
tion. Since there are 55.55 moles of H,O in 1 kg of water,
the proposal was to evaporate in equal steps up to 95% of the
55.55 moles, to identify the concentration increase. These 20
steps were selected to get detailed information about As and
ClI concentrations in the remaining water. In addition, two
considerations were assumed to evaluate each group: (1) in
the area there is no other source of chloride; (2) the lowest
As concentration for each group was the initial concentra-
tion. This lowest concentration was located upstream of each
group with reference to the groundwater flow direction. Fig-
ure 9a shows the results of group 1 in which the sample L-26
follows the expected As concentration; however, the sam-
ple L-08 presents more As than it should have, indicating
evaporation and desorption effects. Figure 9b illustrates the
results of group 2, where sample L-19 follows the expected
As concentration; however, the adsorption process was pre-
sented in sample L-16 and the desorption process in samples
14-75, 14-142, and L-15. Figure 9c presents the results of
group 3 in which none of the samples follow the expected
As concentration, indicating further processes controlling
As. However, similar to group 2, the adsorption process was
identified in samples 14-144 and 14-164 and the desorption
process in samples 14-40 and 14-168.

Statistical factors controlling As mobility

In the semiarid area, the factors controlling the As mobi-
lization are “arsenic-uranium”, “sulphate”, “nitrate”, and
“sodium-chloride”. The “arsenic-uranium” factor has a
clear influence on samples from deep wells and dug wells
tapping the basin fill (Fig. 8, black circle). At this location,
the hydraulic connection between the recharge area and the
GP has been identified. Water seeping through the mate-
rial, from the mineralized zone deposited in the sinkholes,
is getting enriched in As. Additionally, due to the aquifer
shallowness in this area, evaporation increases the As con-
centrations, as the isotopic data show. The “sulphate” factor
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has influence in the deep wells and dug wells tapping the
sulfate-rich Gypsum-Anhydrite Formation around and south
of Villa Juarez. The “nitrate” factor is related to intense agri-
culture in the area and other natural and anthropogenic activ-
ities as previously described. Finally, the “sodium-chloride”
factor is related to deep groundwater circulation in the study
area, identified with the isotopic interpretation, the hydraulic
connection, and by projected fold axes.

Conceptual model

The interpretation of the information generated and the
conceptual model about sources and processes controlling
As is explained in the cross-section shown in Fig. 10. The
recharge area is located at the highest altitude of the study
area with isotopic values of —10.12 §'80 and 68.44 5°H. In
this recharge area, the precipitation infiltrates the igneous
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Fig. 10 Hydrogeological section B-B"”. Legend: ‘a’ illustrates the path of the sediments derived from the mineralized area and ‘b’ shows the

input of the doline to the karst system

rocks containing the As-loaded pyrites and produces ground-
water with dissolved As that percolates the geological media
as a primary source. In addition, mining residues distrib-
uted downstream of the intrusive body are a further primary
source of As (marked “a” in Fig. 10). The run-off produced
by the precipitation in contact with fluvial sediments derived
from the intrusive body plays an important role in As
enrichment as a secondary source. These fluvial sediments,
with As concentration in the range of 152-664 mg/kg, are
transported by ephemeral and intermittent streams and are
deposited in depressions and sinkholes along the southern
fringe of the GP where the pond is located. At this loca-
tion, the surface water in contact with the soils with high As
(189 mg/kg average) increases the As concentrations. This
water enriched with As and also in contact with wastewater
(As 32 pg/L) discharges in dolines located in the limestone
that seeps into the karst system following the groundwater
flow direction (marked “b” in Fig. 10). The As-enriched
groundwater continues its flow through the karst system
to the Cerritos Basin—there are no wells at the immediate
northern border of the basin that would allow for sampling
the inflow. Deep wells are low in As concentration when
placed at the basin’s rim and extracting groundwater from
the surrounding limestone areas, but are high in As when
placed in areas with inflow from the GP. Near Cerritos, the
evaporation effect in the dug wells and soils with elevated

@ Springer

As concentrations increase the As concentration in ground-
water. In addition, sample D26 shows the inflow of regional
groundwater of Na—Cl type mixing with the groundwaters
in the basin. Finally, the As trace “vanishes” via the mixing
of groundwaters from the GP with the inflow of bicarbonate
waters from the limestone ranges around the basin and mix-
ing to the south with Ca—SO, type waters from sediments of
a former lake containing sulfates.

Conclusion

Calcareous rocks affected by a mineralized granitic intrusive
body characterize the study area located in the physiographic
entity of the Sierra Madre Oriental. This research addresses
the comprehensive evaluation of the primary and secondary
sources of As, not only in water, but also in solid samples,
in order to identify the processes controlling its transport
mechanism. The results of the solid samples showed high
As concentrations exceeding the global background values.
The water results showed the spatial distribution of As in
the area and the factors controlling its mobility. The isotopic
interpretation allowed the identification of the main recharge
area and the role of the evaporation effect on As enrich-
ment in the shallow aquifer. As primary sources are the sedi-
ments derived from the intrusive body and the tailings. The
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secondary sources are the sediments derived from the intru-
sive body transported by ephemeral and intermittent streams
that drain the El Realejo-Guadalcazar area and are deposited
along the southern fringe of the Guadalcazar Polje. At this
location, the As-enriched water seeps into a karst system
that continues its path through the Cerritos Basin where
the shallowness of the aquifer allows As enrichment due to
the evaporation effect. In addition, the main As species is
HAsO,* corresponding to oxic conditions in the shallow
aquifer. Finally, understanding the behavior and transport
of As in the study area can be used not only in Mexico, but
also worldwide at sites with similar geological conditions.
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tary material available at https://doi.org/10.1007/s10040-022-02562-w.
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