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Abstract
The Monterrey wellfield is located in the urban aquifer of the Monterrey Metropolitan Area (Mexico), and has been subject 
to considerably increasing stress. This area is constantly growing, both in terms of infrastructure and population. The overall 
objective of the present study is to assess and validate the aquifer’s vulnerability to contamination by applying hydrogeologi-
cal and hydrogeochemical methods. To this end, four campaigns to measure depth of groundwater were conducted and three 
water sampling surveys were carried out during in 2018 and 2019, when drought conditions existed. The hydrogeological 
results show that the groundwater mainly flows from southwest to northeast direction. With regard to hydrogeochemical 
findings, the type of water was determined by  Ca2+,  Na+,  Mg2+,  Cl− ions, which can be altered by  SO4

2− concentrations. A 
vulnerability map was also constructed using the DRASTIC method, which indicates that the most vulnerable areas were 
contaminated by anthropogenic influences, where  SO4

2−,  Cl−, Fe, Al, and coliforms were present.

Keywords Hydrogeology · Hydrogeochemistry · Porous aquifer · Vulnerability · Pollution

Introduction

Groundwater is a valuable natural resource that has been 
used to supply populations, agricultural activities, as well as 
industrial and recreational activities. This resource is stored 
in geological formations called aquifers (Custodio and Lla-
mas 1983). These geological formations can be classified 
into hydrogeological units, based on the lithological char-
acteristics and according to the hydrostatic pressure (Diaz-
Delgado et al. 2006). However, at present, we cannot ignore 
the relationship between groundwater flow systems and the 
different elements that make up cities, such as infrastructure, 

economic activities, and the demand of the population to 
satisfy their needs, as well as the environmental impact of 
pollution that is generated derived from the inappropriate 
disposal of its waste. For this reason, urban hydrogeology 
arises, and with it, the term “urban aquifer”, as a necessity to 
understand and explain the processes of chemical and hydro-
dynamic interaction between subterranean water resources 
and the urban environment (Schirmer et al. 2013).

It is important to consider many factors have consider-
ably increased stress on groundwater resources, especially in 
arid–semiarid regions where groundwater is the main source 
of water supply. Causes of stress are population growth, 
agricultural and industrial activities, poor management of 
aquifers, and the current impact of climate change (Neshat 
et al. 2014; Martin del Campo et al. 2014; Srinivasamoorthy 
2014; Kazakis and Voudouris 2015; Hassane et al. 2016; 
Oudraogo et al. 2016; MacDonald et al. 2016; Huang et al. 
2018; Lapworth et al. 2018; Li et al. 2018a, b).

Another stress factor is the pollution process. Knowledge 
about hydrochemical characteristics helps to identify the 
relationship between geochemical processes and groundwa-
ter quality, and to determine whether a pollution problem 
associated with a factor other than geology exists, such as 

 * Héctor de León-Gómez 
 hector.deleongm@uanl.edu.mx

1 Facultad de Ingeniería Civil, Universidad Autónoma 
de Nuevo León (UANL), Av. Universidad S/N, Cd. 
Universitaria, 66455 San Nicolás de los Garza, Nuevo León, 
México

2 Instituto Interamericano de Tecnología Y Ciencias del 
Agua (IITCA), Universidad Autónoma del Estado de 
México (UAEM), Carretera Toluca-Ixtlahuaca km. 14.5 San 
Cayetano Morelos, 50120 Toluca, México

http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-021-09556-z&domain=pdf


 Environmental Earth Sciences (2021) 80:247

1 3

247 Page 2 of 21

agricultural, urban, or industrial activities (Dragon & Gorski 
2015; Chenini et al. 2015; Shrestha et al. 2016; Lapworth 
et al. 2018; AlSuhaimi et al. 2017; Samantra et al. 2017; Li 
et al. 2018a, b).

Urban aquifers are very likely to be affected by polluting 
activities. Various studies have been carried out to identify 
the quality of the groundwater in urban aquifers, and most 
of them agree that infiltration of wastewater is the main 
source of contamination for these types of aquifers. This 
type of contamination is reflected by high concentrations 
of nitrates, as indicated by Waguespack (2019), Zendehbad 
et al. (2019), Daneshian et al. (2020) and da Silva Peixoto 
et al. (2020).

The term "vulnerability" is used to describe the sensitiv-
ity of an aquifer system to polluting activities (Valcarce & 
Jiménez 2016). Vulnerability maps are a very useful tool for 
representing priority areas for groundwater protection and 
for determining the degree to which groundwater is vulner-
able to pollution (Nanou et al. 2018).

Various authors have used different methods to deter-
mine the vulnerability of groundwater to pollution (Pórcel 
et al. 2014; Shrestha et al. 2016; Paredes et al. 2018). One of 
these methods include the variables of depth of groundwa-
ter (D), net recharge (R), aquifer media (A), soil media (S), 
topography (T), impact of the vadose zone (I), and hydraulic 
conductivity (C), and is better known as DRASTIC, that is 
one of the most used and helpful methods (Machiwal et al. 
2018). However, while identifying groundwater vulnerabil-
ity is important for managing water resources, it is depend-
ent on the availability of data and the complexity of hydro-
geological conditions (Garfias et al. 2017).

The methods used to assess the vulnerability of aqui-
fers are generally modified to integrate other important 
parameters or variables or combined and supported with 
other methods or models to identify the areas where con-
tamination is most likely to occur and obtain more precisely 
results from vulnerability maps, as did Neshat et al. (2014) 
and Kazakis & Voudouris, (2015). They used as support 
resources the Analytical Hierarchy Process (AHP), the Wil-
coxon rank-sum nonparametric statistical test (Neshat et al. 
2014), the Effects of Groundwater Loading of Agricultural 
Management Systems (GLEAMS) and the Analysis of Vari-
ance (ANOVA) (Kazakis and Voudouris 2015).

Shrestha et al. (2016) used DRASTIC along with the 
Groundwater Risk Assessment Model (GRAM) to assess 
vulnerability and the risk of groundwater contamination for 
different rainfall regimes. Their vulnerability and risk maps 
informed planning and groundwater protection policies.

Garfias et al. (2017) performed a study to evaluate the 
vulnerability of the Toluca Valley aquifer, Mexico, using 
DRASTIC and the numerical modeling of groundwater flow 
with particle tracking (advective transport). Those results 
made it possible to identify and consider all the factors and 

sites that were susceptible to contamination, not only those 
shown on the vulnerability map.

In the city of Mashhad, Iran, Asadi et al. (2017) evaluated 
the vulnerability of an aquifer to anthropogenic activities, 
given that the groundwater in that aquifer was being con-
taminated by domestic wastewater.

It is also important to consider that urban aquifers are 
subject to high rates of groundwater extraction, which can 
cause subsidence, cracking, and damage to urban infrastruc-
ture, increasing the risk of pollutant propagation and infil-
tration, as Hernández-Espriú et al. (2014) and Paredes et al. 
(2018) pointed.

The main objective of the present work based on GIS-
based mapping and the DRASTIC vulnerability method to 
assess and validate the degree to which groundwater in an 
urban aquifer was vulnerable to contamination. The inte-
grated use of these techniques with the hydrodynamic and 
hydrochemical behavior of the study area produced new 
information about aquifer vulnerability and its validation. 
The vulnerability map generated by this study is useful for 
groundwater management and urban planning in the study 
area.

Description of the study area

The Monterrey wellfield is located in the Monterrey Valley, 
which encompasses the cities of Monterrey, San Nicolás de 
los Garza, Guadalupe, San Pedro Garza García, and Santa 
Catarina (Fig. 1). The population was 2,642,304 inhabit-
ants in the last census, in 2015 (INEGI 2020). Land use 
in the valley is mainly residential–urban–industrial, where 
economic activities by the tertiary sector are predominant 
(Gobierno del Estado de Nuevo Leon 2016).

The Monterrey Valley in northern Mexico and is part of 
three physiographic provinces in the country: Sierra Madre 
Oriental (SMO), Northern Gulf Coastal Plains (NGCP), and 
the Great Plains of North America (GPNA) (INEGI 2008). 
This is a semiarid region with a variety of climates, although 
extreme dry and semi-dry climates predominate, making 
the region highly vulnerable to water scarcity (Ortega and 
Velasco 2013). The annual average temperature is 22 °C and 
annual average precipitation is roughly 600 mm (CONA-
GUA 2019).

The main geological in this region is Quaternary fluvial 
sediment deposits consisting of gravel, silt, clay, and sand 
(Alva Niño 1997), with a few shale outcrops of the Upper 
Cretaceous Mendez Formation (Campanian–Maastrichtian).

The Monterrey wellfield draws water from a semiconfined 
urban aquifer. This aquifer is mainly of gravel packed in silty 
clay, gravel, and partially cemented conglomerates. The bot-
tom of the aquifer is impermeable and is made of fractured 
Mendez shale (Hernández 1999). It has an average hydraulic 
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conductivity of 92 m/day and a total average extraction vol-
ume of 3  m3/s (Monterrey Water and Drainage Services, 
Servicios de Agua y Drenaje de Monterrey—SayDM, in 
Spanish, 2018).

A 3-km2 urban industrial portion of the Monterrey well-
field was selected as the study area (Fig. 1). Ten wells used 
for public urban supply have been identified in the study area 
(Fig. 2). Their average depth is 60 m and they are in constant 
operation. It is important to note that the groundwater level 
ranges from 11 to 18 m deep and the groundwater mainly 
flows from southwest to northeast (Silva et al. 2015).

Problems with insufficient water supply from long peri-
ods of drought in the region have been identified, as has 
an increase in the volume of water extracted to satisfy 
human consumption. For this reason, water storage tanks 
have been installed to cover basic water needs (Hernán-
dez 1999). It is worth mentioning that garden irrigation 
has been carried out since 2018 (the study area includes 

university infrastructure such as gardens and sports fields) 
with treated wastewater supplied by the Monterrey Water 
and Drainage Services (Servicios de Agua y Drenaje de 
Monterrey—SAyDM, in Spanish), and this water usually 
has high values of TDS,  SO4

2−,  Cl−,  NO3
−, and coliforms.

It is also important to note that TERNIUM, a leading 
company in the steel industry, is located to the east of the 
study area. Their activities range from extracting iron ore 
from their own mines to manufacturing steel and products. 
Negative effects on the environment can be seen on the 
ground surface, where the surrounding terrain has a gray 
tone, and the urban infrastructure has been affected by 
corrosion.

For these reasons, this study area was selected to 
monitor the hydrodynamic and hydrogeochemistry of the 
groundwater, as well as to determine the degree to which 
groundwater has been affected and implications for envi-
ronmental problems.

Fig. 1  Study area location: a Nuevo Leon State, b aquifer of the Monterrey Metropolitan Area, c study area ( modified from Google, 2019)
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Materials and methods

This work used hydrodynamic and hydrogeochemical and 
microbiological information along with the DRASTIC vul-
nerability method (Aller et al. 1987) to assess groundwater 
vulnerability. And Fig. 2 explains the main steps along the 
investigation.

Hydrodynamic

The evolution of groundwater table levels over the period 
2008–2015 was analyzed based on databases provided 
by Servicios de Agua y Drenaje de Monterrey (SAyDM) 
(Table 1). However, these databases only contained five of 
the wells that are located in the study area. Therefore, field 
visits were conducted between 2016 and 2019 to verify the 
location of the wells that were previously registered in the 
SAyDM databases, as well as to obtain additional points for 
measuring groundwater levels (Table 2, Fig. 3). A database 
was created based on the information from the SAyDM and 
the field visits, which was later exported to a Geographic 
Information System (GIS) in ArcGIS 10.3. The location of 
sampling wells were recorded in the projected coordinate 
system WGS 1984, UTM Zone: 14 N.

Groundwater table levels were processed in ArcGIS 10.3 
using the Kriging mathematical method and the hydrologi-
cal triangle.

Physicochemical and microbiological analyses

Three sampling campaigns were carried out: the first in June 
2018, the second in February 2019, and the third in May 

2019. All procedures and sample collections were performed 
according to Mexican standard NOM-230-SSA1-2002, 
which establishes the sanitary procedures for sampling water 
for human use and consumption. Physical parameters such as 
pH, electrical conductivity, and temperature were measured 
in situ using an Orion 5-Star Plus multiparameter. Plastic 
containers and lids were used for the anion analysis. For the 
analysis of cations and heavy metals, 1 mL of concentrated 
nitric acid (0.015 N) was added per 100 mL of filtered water 
sample to obtain a pH ≤ 2.

The samples collected were sent to certified laboratories. 
For the physicochemical and bacteriological analyses, the 
samples were sent to the Professional Services Laboratory of 
the School of Chemical Sciences (Universidad Autónoma de 
Nuevo León, UANL in Spanish). These analyses were per-
formed in accordance with Mexican regulations (Table 3). 
The microbiological analysis (fecal and total coliform) was 
conducted using glass bottles with a ground-glass stopper, 
sterile disposable bottles, or sterile bags with a tight seal and 
a capacity of 125 or 150 mL. Heavy metals were analyzed at 
the Actlabs Laboratory (Ontario, Canada) using mass spec-
trometry with induction-coupled plasma (ICP-MS, Thermo 
X series II model).

An electroneutrality balance was applied to these data 
according to ranges established by Freeze and Cherry 
(1979), which was useful for validating the results of the 
analyses. Piper diagrams were also constructed to obtain 
the hydrochemical characterization of the groundwater and 
to identify the predominant water facies.

Groundwater quality was evaluated based on Mexican 
standard NOM-127-SSA1-1994 "Environmental health and 
water for human use and consumption. Permissible quality 

Fig. 2  Methodological scheme 
of the research work
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limits and treatments to which water must be submitted for 
its purification."

Groundwater vulnerability

The DRASTIC vulnerability method is one of the most 
widely used methods, since it is very easy to apply in areas 
with insufficient data and it enables systematically evaluat-
ing study parameters. It includes seven parameters: depth 
of groundwater (D), net recharge (R), aquifer media (A), 
soil media (S), topography (T), impact vadose zone (I), and 
hydraulic conductivity (C). Table 4 presents the source of 
information for each of the parameters and the type of map 
(layer) obtained.

The vulnerability analysis involved categorizing each of 
the parameters mentioned into classes on a scale of 1–10, in 
which one denotes less vulnerable and ten most vulnerable 
areas. Weights were then assigned on a scale of 1–5, where 
one is less significant and five is more significant, according 
to the parameter’s importance for determining the charac-
teristics of the aquifer.

The DRASTIC vulnerability index (DVI) was calculated 
with the formula:

where Dr = Rating for depth of groundwater, Dw = Weight 
assigned to the depth of groundwater, Rr = Rating for aqui-
fer recharge, Rw = Weight for aquifer recharge, Ar = Rating 
assigned to aquifer media, Aw = Weight assigned to aquifer 
media, Sr = Rating for the soil media, Sw = Weight for the 
soil media, Tr = Rating for topography (slope), Tw = Weight 
assigned to topography, Ir = Rating assigned to impact of 
vadose zone, Iw = Weight assigned to impact of vadose zone, 
Cr = Rating for hydraulic conductivity rates, Cw = Weight 
given to hydraulic conductivity.

The vulnerability map of the study area was obtained by 
applying Eq. 1 with the Raster Calculator tool in ArcGIS 
10.3 (Hussain et al. 2017; Lathamani et al. 2015; Shrestha 
et al. 2016). This was then reclassified according to the Jenks 
natural break statistical method, based on the Jenks break 
algorithm (the method proposed by the GIS used). The DVI 
was then divided into subclasses (high, medium, and low 
vulnerability) indicating the areas that are susceptible to 
groundwater contamination relative to other areas, where 
higher values correspond to greater vulnerability to ground-
water contamination.
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Table 2  Study wells and depth of groundwater, 2016–2019

m.a.s.l. meters above sea level

Id (well) Location 
(UTM) East

Location 
(UTM) North

Topographic ele-
vation (m.a.s.l)

Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)

May 2016 July 2016 Feb. 2017 May 2017 May 2018 May 2019

PCU-1 368,883 2,846,757 514.00 15.00 14.93 14.82 14.98 14.93 15.00
PCU-2 368,820 2,846,726 514.50 16.42 16.07 15.85 16.06 16.07 16.27
PCU-3 368,986 2,846,607 513.50 15.64 15.53 15.37 15.52 15.53 15.57
PCU-4 368,752 2,845,963 517.50 12.97 12.92 12.73 12.88 12.41 12.46
PCU-5 368,006 2,844,904 527.00 12.05 11.89 11.58 11.74 13.93 14.96
PCU-6 367,918 2,845,652 523.80 12.55 12.36 12.34 12.42 12.20 12.18
PCU-7 368,557 2,845,420 521.00 14.90 14.71 14.52 14.76 12.01 11.79
PCU-8 367,989 2,845,486 525.00 14.45 14.29 13.98 14.14 14.40 14.17
PCU-9 368,152 2,844,143 530.50 11.68 11.52 11.21 11.38 11.40 11.42
PCU-10 368,724 2,845,876 518.00 12.93 12.77 12.46 12.62 12.63 12.66

Fig. 3  Location of exploitation wells in the Monterrey wellfield study area
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Results and discussion

Hydrodynamics

The 2008 map (Fig. 4a) shows groundwater levels ranging 
from 499 m.a.s.l in the far NE portion of the study area to 
518 m.a.s.l in the far SW. The hydraulic gradient decreased 
in the direction of the groundwater flow (SW-NE). No sig-
nificant changes in groundwater levels were found for the 
years 2009 and 2010. However, in 2011 (Fig. 4b), levels 
for wells PCU-6 and PCU-10 decreased notably more than 
the others due to groundwater exploitation to meet the 
university’s needs. Meanwhile, no changes in groundwater 
levels were found in the study area in 2012, 2013, 2014, 
and 2015.

The most significant changes took place during the 
years 2016 and 2017 (Fig. 5a, b), when changes in ground-
water flow occurred mainly due to exploitation, specifi-
cally in PCU-4, PCU-6, PCU-8, and PCU-10. It is impor-
tant to mention that despite these changes, groundwater 
levels remained very similar to previous years.

While the groundwater table levels in 2018 and 2019 
(Fig.  5c, d) were very similar to 2008, during other 
years, particularly 2016 and 2017, groundwater levels 

were primarily affected by two factors: transit time and 
the demand for groundwater. When demand is intense, it 
directly influences the dynamics of groundwater levels.

As can be seen in the groundwater level contour maps, 
the groundwater flows from southwest to northeast, and this 
direction did not change over the course of the years studied. 
This result is consistent with the flow direction shown by 
the groundwater table level maps in González (2011) and 
Navarro-Solís et al. (2016).

It is important to mention that the equidistance between 
the groundwater level curves is similar in the northeast and 
southwest portions of the study area, while it is greater in the 
central part where PCU-4, PCU-6, PCU-8, and PCU-10 are 
located. According to Darcy’s Law, this would indicate dif-
ferences in permeability. These results agree with Hernández 
(1999), who found that the aquifer had high hydraulic con-
ductivity (K average = 92 m/day) and suitable characteristics 
for the extraction of groundwater.

As shown, groundwater levels generally remained con-
stant from 2016 to 2019, reflecting the hydrodynamic condi-
tions of a stable aquifer (Fig. 6). In this respect, a relation-
ship can also be seen between precipitation and groundwater 
levels. As shown in Fig. 6, the groundwater depth was at its 
lowest in 2008 (12.25 m) and precipitation was 800 mm, 
while in 2009, precipitation did not exceed 500 mm and the 

Table 3  Physicochemical and 
bacteriological analysis methods

Parameter Method Analysis method

Cl− (mg/L) Volumetric NMX-AA-073-SCFI-2001
SO4

2 (mg/L) Turbidimetric NMX-AA-074-1981
N-NO3

− (mg N-NO3/L) Volumetric NMX-AA-079-SCFI-2001
HCO3

− (mg  HCO3/L) Volumetric AWWA 2320
Total coliforms (MPN/100 mL) Most Probable Number (MPN) NOM-112-SSA1-1994
Fecal coliforms (MPN/100 mL) NOM-145-SSA1-1995
Na+ (mg/L) Mass spectrometry with induction-

coupled plasma
NMX-AA-051-SCFI-2001

K+ (mg/L)
Ca2+ (mg/L)
Mg2+ (mg/L)

Table 4  Data used for the DRASTIC method

Parameter Map type Source of information

D Depth of groundwater Monitoring of groundwater table levels
R Net recharge National Water Commission (CONAGUA 2019)
A Geology map Stratigraphic profiles by the Department of Soil Mechanics of the Institute of 

Civil Engineering, Autonomous University of Nuevo León (Hernández 1999; 
Silva et al. 2015)

S Soil map

T Topographical sheet Lidar (Laser Imaging Detection and Ranging) image with a resolution of 30 cm
I Geological profile Stratigraphic profiles by the Department of Soil Mechanics of the Institute of 

Civil Engineering, Autonomous University of Nuevo Leon (Hernández 1999; 
Silva et al. 2015)

C Hydraulic conductivity Hernández (1999) data
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Fig. 4  Groundwater level contour map (meters above sea level) for: a 2008, b 2011, and c 2015
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groundwater level decreased one meter. During July 1 and 2, 
2010, Hurricane Alex dropped nearly three times the normal 
annual precipitation for the City of Monterrey (of 600 mm) 
over 48 h, resulting in accumulated precipitation of approxi-
mately 1500 mm (Guerra-Cobian et al. 2015). However, this 
event was not considered to be important for the recharge 
of the aquifer. The lowest rainfall values were registered in 
2011 and 2012, but they did not affect groundwater levels 
since those values (around 400 mm) did not have the same 
type of influence as in the year 2009. Groundwater levels 
recovered in 2013, 2014, and 2015 due to precipitation, and 
during the period 2016 to 2019, the depth of groundwater 
remained between 11 and 16 m (Fig. 6).

Hydrogeochemistry

Regarding in  situ parameters (Table  5), no significant 
changes in temperature were found, with values ranging 
from 24.9 to 25.4 °C. The northeast portion of the study 
area had the highest temperature. The average pH value was 
7.1. However, it is important to mention that the February 
2019 sampling had the lowest pH, while no significant dif-
ferences in pH were found between the June 2018 and May 
2019 sampling (Table 5).

The average electrical conductivity was 1563 μS/cm. 
Wells PCU-1, PCU-2, and PCU-3, located in the northeast-
ern portion of the study area, registered the highest electrical 

Fig. 5  Groundwater level contour map (meters above sea level): a 2016, b 2017, c 2018, and d 2019
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conductivity values (Table 5). This may be due to the con-
centrations of dissolved anions and cations, which will be 
discussed in subsequent paragraphs.

Table 6 presents the chemical parameters of the ground-
water samples. The electroneutrality balance (-5.9–5.8%) 
was within the range recommended by Freeze and Cherry 
(1979).

The concentration of  Ca2+,  Mg2+,  Na+, and  K+ ions 
ranged from 120 to 219, 24 to 40, 24 to 169, and 1 to 
5 mg/L, respectively (Table 6). The order of abundance 
was  Ca2+ >  Na+ >  Mg2+ >  K+. With regard to anions, 
 HCO3

−,  SO4
2−,  Cl−, and  NO3

− ion concentrations ranged 
from 135 to 284, 90 to 462, 116 to 815, and 18 to 39 mg/L, 
respectively (Table 6). The order of their abundance was 
 Cl−, >  SO4

2− >  HCO3
−  >  NO3

−. Wells PCU-1 and PCU-3 
had high  SO4

2− and  Cl− contents.
A Piper diagram (Fig. 7) was constructed with data from 

the samples collected in 2018 and 2019 (Table 6). This 
shows the chemical facies of the groundwater, which are 
mixed waters and mainly calcium bicarbonate and calcium 
sulfate. The facies in the 2018 sampling were: 1) Ca-HCO3 
(PCU-2, PCU-4, PCU-6, and PCU-7), 2) Ca-SO4 (PCU-3 
and PCU-5), and 3) Ca–Cl (PCU-1). The water facies in 
the February 2019 samples were: 1) Ca-HCO3 (PCU-1 and 
PCU-5) and 2) Ca-SO4 (PCU-3, PCU-4, PCU-6 and PCU-
7). The water facies in the May 2019 sampling were almost 
identical to those found in 2018, except for PCU-5 and PCU-
7, which were Ca–SO4 and Ca–HCO3, respectively (Fig. 6, 
Table 6).
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Fig. 6  Annual accumulated precipitation (2000–2019) at the City of Monterrey weather station (CONAGUA, 2019) and groundwater levels at 
the observation points

Table 5  Parameters measured in  situ during sampling campaigns in 
June 2018, February 2019, and May 2019

Tem-
perature 
(°C)

pH Electrical con-
ductivity (μS/
cm)

First sampling (June 2018)
 PCU-1 25.4 7.32 1683
 PCU-2 25.0 7.28 1569
 PCU-3 25.0 7.16 1238
 PCU-4 25.3 7.20 902
 PCU-5 25.0 7.40 788
 PCU-6 25.1 7.16 987
 PCU-7 25.1 7.20 819

Second sampling (February 2019)
 PCU-1 25.4 7.41 1515
 PCU-2 25.4 6.91 1577
 PCU-3 25.1 6.85 1136
 PCU-4 25.3 6.86 883
 PCU-5 25.2 7.30 796
 PCU-6 25.1 6.87 983
 PCU-7 24.9 6.91 785

Third sampling (May 2019))
 PCU-1 25.4 7.41 1917
 PCU-2 25.4 7.01 1980
 PCU-3 25.4 6.91 1430
 PCU-4 25.1 6.85 1120
 PCU-5 25.3 6.86 1020
 PCU-6 25.1 6.87 1225
 PCU-7 24.9 6.91 1260
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Chevotareb’s sequence may explain the presence 
of these types of water. This sequence can explain that 
Ca–HCO3–SO4 and Ca–SO4–HCO3 water may be related 
with an intermediate flow system and longer residence 
times. It is also important to consider infiltration of waste-
water from sewer systems, which can cause groundwater 
to have high chloride and sulfate contents.

The water groups identified are consistent with Mora 
et al. (2017), who proposed that Ca–HCO3 waters circu-
late through shale and limestone, while waters with  Ca2+, 
 HCO3

−, and  SO4
2− can be found in the Monterrey Valley. 

In this sense, the location of the study area and the hydro-
chemical data suggest that the groundwater is character-
istic of a transition and discharge area, which is typical of 
the northeast portion of Monterrey Valley, where circu-
lating water mixes with wastewater leaks from the sewer 
system and inverse cation exchange processes could occur 
(Torres-Martínez et al. 2020).

Heavy metals

The presence of heavy metals was analyzed based on water 
samples taken in February and May 2019 samplings. Of a 
total of 18 metals that were evaluated (Table 7), only Fe 
and Al concentrations were notable. The presence of Fe, 
Al, and Mn is usually caused by the dissolution of minerals. 
However, Fe and Mn are also commonly associated with 
the manufacture of iron and steel alloys (Navas and Batista 
2003; Hernandez et al. 2017).

Groundwater quality

Potable water quality was determined by evaluating the 
results and comparing them with the national standards 
(NOM-127). This analysis shows that some of the param-
eters may pose a pollution problem, including  Cl−,  SO4

2−, 
Fe, Al, and total and fecal coliforms (Tables 6, 7, and 8).

Table 6  Cation and anion concentrations (mg/L) for the samples collected during sampling campaigns in June 2018, February 2019, and May 
2019

Values in bold exceed maximum permissible level MPL
ND No Data; LNE Limit Not Established.

Ca2+ Mg2+ Na+ K+ HCO3
− SO4

2− Cl− NO3
− % error Facies

NOM-127 LNE LNE 200 LNE 800 400 250 44.30

First sampling (June 2019)
 PCU-1 219.0 40.0 169.0 2.7 175.7 462.5 271.6 29.66 2.3 Ca–Cl
 PCU-2 199.0 32.1 125.0 3.2 277.3 403.2 103.7 37.95 4.6 Ca-HCO3

 PCU-3 171.0 35.0 74.0 1.2 170.9 162.5 230.3 32.76 5.2 Ca-SO4

 PCU-4 120.0 26.0 24.0 1.0 135.3 143.7 128.0 30.54 − 0.7 Ca-  HCO3

 PCU-5 126.0 28.0 24.0 1.2 177.0 120.0 124.8 18.60 2.3 Ca-SO4

 PCU-6 158.0 34.0 44.0 1.4 179.4 144.0 182.6 25.23 4.7 Ca-HCO3

 PCU-7 149.0 26.3 24.0 1.5 166.0 90.0 175.5 19.03 4.0 Ca-HCO3

Second sampling (February 2019)
 PCU-1 200.0 33.0 118.0 5.1 258.3 460.0 105.4 36.30 1.6 Ca-HCO3

 PCU-2 ND ND ND ND ND ND ND ND ND ND
 PCU-3 129.0 25.7 28.3 1.4 266.7 167.5 37.4 30.98 2.1 Ca-SO4

 PCU-4 135.0 25.7 28.5 1.6 271.9 142.5 43.0 32.20 5.1 Ca-SO4

 PCU-5 123.0 25.0 25.0 1.0 158.0 132.0 122.4 25.60 0.6 Ca-HCO3

 PCU-6 145.0 28.0 39.9 1.5 284.5 187.5 51.8 32.75 3.5 Ca-SO4

 PCU-7 200.1 23.2 25.1 2.0 233.1 107.5 138.7 33.64 − 4.6 Ca-  HCO3-SO4

Third sampling (May 2019)
 PCU-1 210.0 33.2 118.0 4.0 183.0 457.2 174.6 37.69 1.1 Ca- Cl
 PCU-2 217.0 37.6 135.0 4.7 292.4 421.7 123.6 38.90 5.9 Ca-Na-SO4-HCO3

 PCU-3 164.0 28.5 63.0 2.2 167.0 159.3 293.2 39.10 − 5.8 Ca–Cl-SO4

 PCU-4 150.0 26.6 39.3 1.6 154.0 131.0 177.2 35.46 2.7 Ca-HCO3

 PCU-5 136.0 24.0 26.3 2.0 162.0 143.0 116.5 30.20 2.8 Ca-HCO3

 PCU-6 151.0 26.1 31.6 1.8 176.0 169.0 190.7 33.70 − 5.2 Ca-HCO3

 PCU-7 138.0 34.0 28.0 1.7 159.0 112.0 172.3 31.30 3.0 Ca-SO4
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Cl− and  SO4
2− concentrations in the June 2018 and May 

2019 samplings were very similar. In both samplings, the 
highest concentrations of these ions occurred in PCU-1 
and PCU-2 and exceeded the maximum limit stipulated by 
NOM-127  (Cl− 250 mg/L and  SO4

2− 400 mg/L). PCU-2 
was also over this limit, but only for  SO4

2− concentrations. 
In June 2018, the  Cl− and  SO4

2− concentrations in PCU-1 
were 462.5 and 271.6 mg/L, respectively, and in the well 
PCU-2 the  SO4

2− concentrations was 403.2 mg/L. In May 
2019, only the  SO4

2− concentrations in PCU-1 and PCU-2 
were over this limit with values of 457.2 and 421.7 mg/L, 
respectively. It is important to mention that the  Cl− con-
centration in PCU-3 was 293.2 mg/L which is over the 
maximum limit stipulated by NOM-127 (Table 6).

With regard to  NO3
− concentrations (Table 6), the high-

est values were found in the May 2019 samplings from 
PCU-1, PCU-2, and PCU-3 (37.69, 38.90 and 39.10 mg/L, 
respectively), however, none of the samples exceeded the 
maximum permissible level (MPL) established by NOM-127 
 (NO3

−: 44.30 mg/L).
While  Cl−, and  SO4

2− ions naturally exist in groundwater, 
and considerable quantities are present in arid zones, these 
ions can also be attributed to the infiltration of wastewater 
and/or the use of treated wastewater to irrigate the UANL-
university’s green areas. Another likely cause of these con-
centrations is the use of water from the lagoon in Niños 
Héroes Park to irrigate green areas. This lagoon has no cir-
culation, and the water is mixed with the park’s wastewater. 

Fig. 7  Piper diagrams based on hydrochemical data from the study area: a June 2018, b February 2019, and c May 2019
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These same factors may also be related to the presence of 
high  NO3

− concentrations. Some authors have considered 
these ions to be indicators of possible contamination (Cus-
todio and Llamas 1983; Werner 1996; Sawyer et al. 2001; 
Jayaprakash et al. 2008).

Regarding Fe and Al concentrations, these were close 
to the MPL only in the May 2019 sampling, particularly in 
PCU-4 (0.85 and 0.18 mg/L, respectively), which had the 

highest concentrations of these heavy metals. Their possible 
sources include corrosion of the equipment installed in the 
well and its lack of maintenance, as well as the TERNIUM 
steel company located to the east of the study area. However, 
the steel industry is very likely to be the main reason for the 
Fe and Al found, and although this situation does not repre-
sent a serious groundwater pollution problem, the Fe con-
centration does exceed the MPL and the Al concentration is 

Table 7  Heavy metal concentrations for sampling campaigns in February 2019 and May 2019

Values in bold exceed maximum permissible level MPL
ND no data; LNE Limit Not Established)

PARAMETER PCU-1 PCU-2 PCU-3 PCU-4 PCU-5 PCU-6 PCU-7 NOM-127

Second sampling (February 2019)
 Al 0.008 ND 0.004 0.005 0.006 0.005 0.008 0.2
 As 0.0004 ND 0.0005 0.0005 0.0004 0.0004 0.0006 0.025
 Ba 0.032 ND 0.042 0.049 0.111 0.062 0.120 0.7
 Br 0.0004 ND 0.0003 0.0002 0.0001 ND 0.0001 LNE
 Cd 0.0003 ND 0.0001 0.0002 0.0001 0.0001 0.0002 0.005
 Cr 0.001 ND 0.002 0.003 0.004 0.005 0.006 LNE
 Cu 0.002 ND 0.001 0.001 0.001 0.002 0.002 2.0
 Fe 0.02 ND 0.03 0.04 0.05 0.06 0.06 0.3
 Hg 0.0004 ND 0.0005 0.0006 0.0007 0.0008 0.0009 0.001
 Mn 0.007 ND 0.004 0.002 0.001 0.003 0.015 0.15
 Mo 0.001 ND 0.001 0.001 0.002 0.001 0.001 LNE
 Ni 0.001 ND 0.001 0.001 0.001 0.001 0.001 LNE
 Pb 0.00008 ND 0.00002 0.00003 0.00004 0.00005 0.00006 0.01
 Sb 0.0002 ND 0.0001 0.0001 0.0001 0.100 0.0003 LNE
 Se 0.002 ND 0.002 0.003 0.002 0.003 0.003 LNE
 Tl 0.0002 ND 0.0003 0.0004 0.0005 0.0006 0.0002 LNE
 U 0.002 ND 0.006 0.002 0.002 0.002 0.002 LNE
 Zn 0.016 ND 0.011 0.005 0.008 0.019 0.019 5.0

Third sampling (May 2019)
 Al 0.005 0.036 0.006 0.18 0.006 0.0103 0.091 0.2
 As 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.025
 Ba 0.032 0.065 0.029 0.040 0.210 0.051 0.107 0.7
 Br 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 LNE
 Cd 0.00006 0.00015 0.00001 0.00001 0.00001 0.00012 0.00024 0.005
 Cr 0.001 0.001 0.001 0.003 0.003 0.001 0.002 LNE
 Cu 0.006 0.002 0.001 0.001 0.001 0.001 0.002 2.0
 Fe 0.1 0.13 0.02 0.85 0.1 0.29 0.29 0.3
 Hg 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.001
 Mn 0.003 0.004 0.001 0.063 0.003 0.024 0.018 0.15
 Mo 0.0014 0.0013 0.0014 0.002 0.0013 0.0014 0.0017 LNE
 Ni 0.020 0.001 0.0005 0.001 0.001 0.001 0.001 LNE
 Pb 0.0025 0.0022 0.0002 0.0003 0.0002 0.0011 0.0010 0.01
 Sb 0.0001 0.0002 0.0001 0.0001 0.0001 0.0003 0.0004 LNE
 Se 0.0041 0.0035 0.0036 0.0039 0.0025 0.0035 0.0034 LNE
 Tl 0.0001 0.0001 0.0002 0.0001 0.0006 0.0001 0.0001 LNE
 U 0.0024 0.0023 0.0024 0.0020 0.0019 0.0022 0.0019 LNE
 Zn 0.0686 0.008 0.0327 0.0239 0.0091 0.0159 0.0204 5
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very close to it. Bacteriological analyses are very important 
to potability given that coliforms can cause many infectious 
diseases (Villarreal et al. 2013), since their main source is 
wastewater (Lizárraga 2003).

According to Mexican standard NOM 127, the MPL for 
total and fecal coliforms is the absence of the bacteria or 
levels below the limit of detection. However, the analysis of 
the samples collected in February and May 2019 confirm the 
presence of total and fecal coliforms (Table 8). In February 
2019, total coliforms ranged from < 2 to 15 MPN/100 mL 
and fecal coliform was under < 2 MPN/00 mL. In May 2019, 
the total coliform range increased significantly, from < 2 to 
23 MPN / 100 mL, while fecal coliform remained the same 
(< 2 MPN /100 mL). It should be noted that bacteriological 
organisms were found in PCU-4, PCU-5, PCU-6, and PCU-7 
(Table 8), which are located in areas where leaks from the 
sewer system have been identified.

Groundwater vulnerability

Depth of groundwater (D)

Depth of groundwater determines the depth to which a con-
taminant would have to travel before it reaches the water 
table (Al-Zabet 2002). Depth data were taken from measure-
ments carried out in the ten study wells during May 2019. 
A depth of groundwater map was created in ArcGIS and 
converted to raster format (Fig. 8a).

The depth of the groundwater ranged from 11 to 
16  m below ground table level, which corresponds to 

classifications 3 and 5 on the scale proposed by Aller et al. 
(1987) (Fig. 8a).

Net recharge (R)

Rainfall is an important factor in groundwater vulnerabil-
ity. The intensity of precipitation affects the contaminant’s 
movement, its infiltration, and whether it reaches the satu-
rated layer. Net recharge ranged from 60 to 62 mm, which 
corresponds to classification 3 on the scale proposed by 
Aller et al. (1987) (Fig. 8b).

Aquifer media (A)

This parameter represents the geological formation of the 
upper layer of the aquifer, and according to the permeability 
of the materials, a rating is assigned to each of them (Gupta 
2014). This map was prepared from stratigraphic profiles 
(Table 4). The aquifer media are mostly sand, gravel, and 
medium-cemented gravel, with clay silt, sand, and gravel 
in the vadose zone. According to the classification by Aller 
et al. (1987), ratings of 6 and 4 were assigned, respectively 
(Fig. 8c).

Soil media (S)

The main land use in the study area is urban. The soil media 
represent the topsoil layer, which extends to the weathered 
zone a few meters down from the surface. This significantly 
impacts the amount of recharge water that infiltrates deeper 
into the aquifer, thereby affecting the downward movement 
of contaminants into the vadose zone (Lee 2003). To differ-
entiate between the impact of the vadose zone and the aqui-
fer media, a soil depth of less than ~ 2 m to the groundwater 
table was considered. Just over 50% of the area contained 
silty clay soil with gravel. A rating of 9 was assigned to clay, 
gravel, and sand and 7 to silty clay (Fig. 8d).

Topography or slope (T)

The topography refers to the slope of the terrain surface. 
Slope influences the contact time between water and soil, 
and therefore, the degree of infiltration. Steeper slopes have 
less infiltration (and less vulnerability), while water remains 
for a longer period of time on shallow slopes, allowing more 
water to infiltrate (and increasing vulnerability). According 
to a 30 cm resolution Lidar image, the study area has a slight 
slope (0.0004–0.28) corresponding to a rating of 10 on the 
scale proposed by Aller et al. (1987) (Fig. 9a).

Table 8  Total and fecal coliform analysis for sampling campaigns in 
February 2019 and May 2019

Values in MPN (most probable number)/100 mL)
ND No data.

Parameter Well Second Sampling 
(February 2019)

Third Sam-
pling (May 
2019)

Total coliforms 
(MPN/100 mL)

PCU-1  < 2  < 2
PCU-2 ND  < 2
PCU-3  < 2  < 2
PCU-4 15 23
PCU-5 7 13
PCU-6 1 5
PCU-7 2 8

Fecal coliforms 
(MPN/100 mL)

PCU-1  < 2  < 2
PCU-2 ND  < 2
PCU-3  < 2  < 2
PCU-4  < 2  < 2
PCU-5  < 2  < 2
PCU-6  < 2  < 2
PCU-7  < 2  < 2
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Fig. 8  a Depth of groundwater, b Net recharge, c Aquifer media, d Soil media
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Fig. 9  a Topography, b Vadose zone, c Hydraulic conductivity
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Vadose zone (I)

The information about this parameter was obtained from 
stratigraphic profiles. The vadose zone in the study area con-
sists of i) clayey silt, sand, and loose grave, ii) calcium clay, 
silty clay, and sand, and iii) sandy clay with gravel. The units 
containing clay are less vulnerable, while those with gravel 
and sand are more vulnerable. They were assigned ratings of 
5 and 3, according to their properties (Fig. 9b).

Hydraulic conductivity of the aquifer (C)

Hydraulic conductivity is an important parameter of an 
aquifer, which is a characteristic of its geological properties. 
Since it governs the rate at which water flows through the 
aquifer’s saturated zone, this parameter determines contami-
nant transport. According to Hernández (1999), hydraulic 
conductivity ranges from 90 to 95 m/day (average = 93 m/
day), which corresponds to a rating of 10 on the scale pro-
posed by Aller et al. (1987) (Fig. 9c).

The DRASTIC method was used to produce the map 
shown in Fig. 10. As can be seen, vulnerability was found 
to be low in roughly 60% of the area, and medium and high 
in around 20% of the area, each. Low vulnerability was iden-
tified in the southern portion of the study area, and medium 
and high vulnerability to groundwater contamination was 
found in the rest of the study area.

It is important to highlight that the areas with medium 
and high vulnerability are areas requiring attention in order 
to prevent vulnerability from increasing as the leaching of 
pollutants increases. Therefore, it is important to imple-
ment measures to reduce contamination from anthropogenic 
activities.

The maps in Fig. 11 show how the different water qual-
ity parameters analyzed relate with the vulnerability of the 
study area. Electrical conductivity,  SO4

2−,  NO3
−, Fe, Al, and 

total coliforms were integrated into the vulnerability index 
map. As shown, groundwater contamination in areas with 
medium and high vulnerability is related with the concentra-
tions of all the parameters studied (electrical conductivity, 
 SO4

−2,  NO3
−, Fe, Al, and total coliforms).

The map also shows low vulnerability in the southern 
portion of the study area. However, this condition does not 
eliminate the risk that groundwater contamination problems 
could arise in these areas since the sources of contamination 
that were identified have not been eliminated. Furthermore, 
as in the rest of the study area, leaks or fissures in the sewer 
system may exist, as indicated by the high concentrations of 
sulfates and total coliforms found in well PCU-5 (Tables 5 
and 7). In particular, the sewer system belonging to a hospi-
tal and two sports stadiums should be considered. Roughly, 
50,000 people typically gather in the stadiums every week-
end. It is also important to consider the lagoon in Niños 
Héroes Park as another possible factor that can influence 
coliform values, since this lagoon serves as part of the drain-
age of the park and this water is extracted to irrigate green 
areas.

A method to validate the DRASTIC model was per-
formed based on the  Cl−,  SO4

2−, and  NO3
− concentrations 

in the groundwater (Fig. 12). While the presence of  Cl− and 
 SO4

2− in groundwater is related with anthropogenic activi-
ties,  NO3

− is the indicator that is most used to identify the 
anthropic impact on groundwater (Freeze and Cherry 1979; 
Martinez et al. 2014; Zendehbad 2019). It is important to 
mention that the distribution and concentration of these 
indicators depend on various factors, such as soil dynamics, 
the recharge rate, the movement of groundwater, and the 
soil contamination load (Ahmed et al. 2015). The graph in 
Fig. 12 presents the average  Cl−,  SO4

2−, and  NO3
− concen-

trations for the different classes of vulnerability. PCU-5 is 
located in the low vulnerability zone, PCU-3, PCU-4, and 
PCU-7 are in the medium vulnerability zone, and PCU-
1, PCU-2, and PCU-6 are in the high vulnerability zone. Fig. 10  Vulnerability index map of the study area
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Fig. 11  a Spatial distribution of 
electrical conductivity; b  SO4

−2; 
c  NO3

−; d total coliforms; e 
Fe, and f Al, integrated into the 
vulnerability index map
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 Cl− concentrations (214 mg/L) significantly increased from 
the low to medium vulnerability zones, while average  SO4

−2 
remained the same (134 mg/L). From the medium to the high 
vulnerability zones, average  Cl− concentrations decreased 
and average  SO4

−2 concentrations increased significantly. In 
the case of  NO3

− concentrations, these increased as vulner-
ability increased, highlighting the increase that occurs from 
the low to medium vulnerability zone. The increased con-
centrations in the high vulnerability zone can be explained 
by the evidence of leaks from the sewer system in that area, 
and as explained in previous paragraphs, groundwater mixes 
with leaks from the sewer system in the northern and north-
east portion of the Monterrey Valley.

Conclusions

In general, groundwater levels did not change significantly, 
and ranged from 498 to 520 m.a.s.l. The groundwater was 
found to flow from southwest to northeast. The most signifi-
cant hydrodynamic changes occurred in the years 2016 and 
2017, when the groundwater flow changed mainly due to 
exploitation. It is important to mention that the groundwater 
table was very stable even though water was extracted from 
the wells to meet various needs.

Based on the physicochemical parameters and the ground-
water quality analysis, electrical conductivity,  SO4

2−,  Cl−, 
Fe, Al, and coliform concentrations indicate that the ground-
water may be contaminated by leaks in the sewer system and 
the resulting infiltration of those waters. The heavy metal 
concentrations that were identified may be due to activities 
by the TERNIUM company, a steel company located very 
close to the study area. However, this needs to be verified 

by monitoring the wells on the company’s property, which 
this research work could not access due to several industry 
restrictions.

The vulnerability map made it possible to view zones 
with different degrees of vulnerability. The DRASTIC 
model was validated using  Cl−,  SO4

2−, and  NO3
− as indi-

cators of human interaction with the groundwater envi-
ronment. Greater concentrations of these indicators were 
found primarily in the high vulnerability zone, which can 
be explained by leaks from the sewer system.

In this sense, it is pertinent that a specific study of 
groundwater contamination be carried out due to the leaks 
from the sewage system to know the direct influence on the 
quality of the groundwater in the different uses.

In addition to the above, it is necessary to take the nec-
essary managements with the authorities and the corre-
sponding companies to have access to the different private 
wells and thus be able to make an inventory of the wells 
that are currently in operation, which together with the 
potential sources of contamination, can be considered in 
a water quality monitoring network.

In the same way, as mentioned by other studies, to use 
vulnerability maps for implementing and prioritizing poli-
cies on aquifer protection and water resources management 
can be a very useful tool.
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Fig. 12  Validation of the 
DRASTIC model by comparing 
average  Cl−,  SO4

2−, and  NO3
− 

concentrations for different 
vulnerability classes
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