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ARTICLE INFO ABSTRACT

The urban area of Puebla Valley aquifer is seated in Puebla City and neighbor municipalities. Puebla is the fourth
largest city in Mexico, where there are significant industrial zones and a large population. Water needs are
almost exclusively met by groundwater, which has brought intense exploitation of groundwater resources and
water quality degradation. The present study investigates the hydrogeochemical changes in groundwater, par-
ticularly focuses on the chemical changes produced by upwelling mineralized water. These concentrations may
represent potential risks to the health of the population.

The groundwater presented five types of families Ca-HCO3, Mg-HCO3, Mix-HCO3, HCO53-Ca-SO, and Ca-SO,.
The high concentrations of sulphates, calcium and magnesium are reflected in high TDS and Total Hardness. The
samples collected showed detectable concentrations of F~, Fe, Mn, Ba, Sr, Cu, Zn, B and Li. The limitations for its
use as drinking water are given by the high values of TDS, sulphates, total hardness and Mn.

Geochemical modeling using Geochemist's Workbench (GWB) and PHREEQC software enabled the compu-
tation of the saturation index of mineral phases with ions in solution and speciation ions. Groundwater was
initially in equilibrium with calcite; however, due to the changes in hydrogeological conditions, gypsum and
dolomite are being dissolved until new equilibrium conditions are met. The additional calcium and carbonate in
the water causes calcite to become oversaturated and to precipitate. Evidence of dedolomitization reactions and
common ion effect is illustrated by concurrent increases in calcium and magnesium concentrations in the
groundwater.
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1. Introduction

The sustainability of freshwater resources is undoubtedly the most
critical issue in the urban zones, as evidenced by the increasing water
stress worldwide. As a result, groundwater is one of the main players in
the social and economic growth in Mexico. The role in sustainable
development of water requires understanding their origin and renew-
ability (Moran-Ramirez et al., 2016). These problems are particularly
evident in the policy objectives and management that require com-
prehensive assessments of potential groundwater resources, ground-
water chemical composition and anthropogenic and geogenic sources of
pollution (Edmunds et al., 2002).

In Mexico, the groundwater is an important source of supply; it is

mainly used for irrigation, population and industrial facilities (INEGI,
2010). Groundwater sources are the most important means of fulfilling
the water needs of the country, representing > 70% of the water supply
for industry, and providing a water source for > 70% of the 110 million
inhabitants (CONAGUA, 2015; Esteller et al., 2012; Carrillo-Rivera
et al., 2008).

Groundwater quality is a key factor for determining the use of water
purposes (Esteller et al., 2012; Nandimandalam, 2012; Edmunds et al.,
2002). In Mexico, the aquifers are actually at risk due to the population
growth, industrialization, urbanization and changing land use patterns
(Martin del Campo et al., 2014; Carrillo-Rivera et al., 2008). The as-
sessment of processes that control groundwater chemical composition is
essential for effective water management and protection of the water
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Fig. 1. Location of the study area and sampled wells.

resources. For example, modification can occur via natural processes,
such as water-rock interactions (e.g. mineral dissolution), which vary
with hydrogeological conditions or via anthropogenic activities as
agriculture, industry, and urban development (Moran-Ramirez et al.,
2016; Nandimandalam, 2012; Jalali, 2006).

Groundwater chemical composition provides valuable information
to determine the origin, transit time, flow patterns and regimes of
water, geological structure and mineralogy of the aquifers, and hy-
drogeochemical processes (Moran-Ramirez et al., 2016; Jalali and
Jalali, 2016). The chemical composition of groundwater refers the in-
teraction between the aqueous solution and rock, and reflects altera-
tions induced by dissolution of thermodynamic unstable mineral and
formation of new stable minerals (Moran-Ramirez et al., 2016; Carucci
et al., 2012; Jalali and Jalali, 2016).

Groundwater is the most important source for water supply in
Puebla city, intense urban and industrial development have placed high
demand of groundwater resources and also these resources are at
greater risk to degradation of quality. Furthermore, this development of
the area make groundwater a critical resource for human activities
(Salcedo-Sanchez et al., 2016; Garfias et al., 2010; Flores-Marquez
et al.,, 2006). According to Flores-Marquez et al. (2006) and Garfias
et al. (2010), the most significant effect is the degradation in the quality
of freshwater in the upper aquifer due to mixing with sulphydric water
which rises from the deep aquifer. This mineralized water contains
concentrations of sulphates and sulphurs above the WHO's quality
standards for drinking water (250 and 0.05 mg L™ !, respectively).

The aim of this study was to define the principal hydrogeochemical
process controlling groundwater quality (major and minor ions, and
heavy metals), with the particular scope on the chemical changes
produced by water-rock interactions and upwelling of mineralized
water in the urban zone of the Puebla Valley aquifer.

220

2. Study area

Puebla Valley aquifer is located in the central region of the Mexican
Republic, at the center of the State of Puebla at 2160 masl (meters
above sea level) and an extension of about 2151 km?. The study area is
located between the parallels 18°54’ and 19°30” and the meridians
98°00” and 98°40” west of Greenwich (Fig. 1). The main rivers running
through the Puebla Valley aquifer are the Atoyac, Zahuapan and Al-
seseca (Salcedo-Sanchez et al., 2013; Garfias et al., 2010). The study
area includes the Puebla City and neighboring municipalities (Fig. 1).

The climate is mild and the precipitation is moderate during
summer. The annual mean temperature is 16.6 °C, with a maximum of
21.3°C in May and a minimum of 10.8 °C in February. Annual mean
precipitation in the basin ranges from 650 to 900 mm, with maximums
of 1000 mm in volcanic zones in the eastern and western portions of the
basin (Garfias et al., 2010).

The study area focus on the urban zone, vegetation cover and land
use has changed in the Puebla Valley aquifer area over the time, cur-
rently the urban area of Puebla city represents 70% of the metropolitan
area (Fig. 2), this percentage will increase like the last 20 years due the
urbanization and industrialization phenomena in the area (INEGI,
2010; Salcedo-Sanchez et al., 2016). This situation was intensified by
the establishment of an industrial zone at north of the city and the
construction of infrastructure like roads, producing the urban expan-
sion towards the west. The declaration of the vegetation cover and land
use for Angelépolis in 1993, worsened the situation, consolidating a
new node of services between Puebla, San Pedro Cholula and San An-
dres Cholula (Ayuntamiento de Puebla, 2014).

In the urban area currently, there are five industrial parks (Fig. 1):
“Norte FINSA”, “5 Mayo”, “San Jerénimo”, “Resurreccién” and “Puebla
2000” (Ayuntamiento de Puebla, 2014). This growth in both population
and productive activities has created a high demand for water, which is
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Fig. 2. Land use and vegetation cover in the Puebla Valley aquifer.

entirely met by groundwater (CONAGUA, 2015). Intensive extraction of
groundwater has led to significant decline in groundwater levels in the
urban area and water quality changes (Flores-Marquez et al., 2006;
Garfias et al., 2010; Salcedo-Sanchez et al., 2013). A large percentage of
groundwater extraction is concentrated in this urban-industrial area
(approximately 350 wells), where 85% of the state's industry is located.
The main industries are basic metal, food, chemicals, electronics, pulp
and paper industry while the textile, steelworks, tannery, paint and
automotive industries are also important (Ayuntamiento de Puebla,
2014; INEGI, 2010).

2.1. Hydrogeological setting

The Puebla Valley aquifer is made up of an upper, middle and a
deep aquifer (Fig. 3). The upper aquifer consists of granular deposits
and fractured Quaternary rock formations. These sediments and rocks
come from the surrounding volcanoes that produced lava flow, pyr-
oclastic deposits and tuffs. This upper aquifer hydraulically functions as
an unconfined aquifer, however in few localized areas can be semi-
confined (Flores-Marquez et al., 2006; Salcedo-Sanchez et al., 2013).
The hydraulic conductivity of this aquifer varies considerably, but their
values in general are high. This hydrogeological unit overlies lacustrine
deposits of Pliocene age, consisting of fine sediments (shale) with very
low hydraulic conductivity. Therefore, the lacustrine deposits function
as an aquitard between the upper and middle aquifer (Fig. 4).

The middle aquifer consists of andesites, basalts, ignimbritic tuffs
and conglomerates of the Balsas Group. This aquifer is confined with
middle to low hydraulic conductivities, due to its secondary perme-
ability. This hydrogeological unit rest on an aquitard of the Mezcala
Formation. Shales and interdigited marls and limestones form this
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aquitard. Even though, the composition of these rocks makes them al-
most impermeable in some fractured areas there is a vertical hydraulic
connection between the middle and the deep aquifers (Garfias et al.,
2010; Salcedo-Sanchez et al., 2013).

The deep aquifer is composed mainly of limestone, sandstone and
some shale layers of the Tecomasuchil and Atzompa Formations, and
dolomite, sandstone, evaporites (gypsum) and shales of the
Tecocoyunca Group of Cretaceous Age (Salcedo-Sanchez et al., 2013;
Gaérfias et al., 2010; Flores-Mérquez et al., 2006). These units have
experienced tectonic processes over time, resulting on folding and
fracturing of the rocks, and therefore a secondary permeability.

Several processes contribute to upwelling mineralized water of the
deep aquifer in the urban zone of Puebla Valley aquifer, such differences in
hydraulic heads, the existence of a fault system that provide a route for a
rising flow and the hydraulic connection produced by wells at different
levels of the aquifer (Flores-Marquez et al., 2006). The mixing proportions
of each type of water vary depending on factors such as the depth of the
screen and the location of the well. For example, the difference of the
effect on a well situated near faults and fractures is not the same as one
positioned further away, nor is it the same for wells near drawdown areas
and those located at distances further away.

Groundwater has been exploited in Puebla Valley aquifer, princi-
pally to meet the needs of the population and industry (55.4% and
12.8%), according to the groundwater balance, the total average annual
recharge received by the aquifer is 360.7 Millions of m®year™! and
distributed as shown in the Table 1. The components of the water
balance are presented according to those values reported by CONAGUA
(DOF, 2016), with a “change of storage value” negative (— 28.2 Mil-
lions of m® year™ '), indicating that the extraction comes from a non-
renewable stored reservoir of the Puebla Valley aquifer (Table 2).
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The groundwater head distribution for the upper aquifer shows two
recharge zones, coming from Iztacchuatl and Popocatépetl volcanoes on
the Western side of the valley and coming from the La Malinche
Volcano on the Eastern side of the valley (Fig. 3). The former originates
a groundwater flow with NW-SE direction, starting at the 2400 masl
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elevation, in the recharge area (Salcedo-Sanchez et al., 2013). The
latter has a main component on the W-E direction, starting at about the
2230 masl elevation.

The recharge coming from the Tlaxcala State, at the North of the
study area, has a main direction of NE-SW, corresponding to the
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2300 mamsl elevation that matches the Zahuapan riverbed elevation.
This groundwater flow joins the component from the Iztaccithuatl and
Popocatépetl volcanoes at Nativitas and Santa Isabel Tetlatlahuca,
where the elevation curve is about 2190 masl. At Xoxtla and Ocotlédn
the flow takes a Western direction, and then the groundwater moves
mainly towards the South, following the Atoyac river direction up the
Valsequillo Dam at the end of the basin where the elevation curve is
about 2040 masl (Salcedo-Sanchez et al., 2013; Fig. 3). The years of
exploitation of the upper aquifer have developed a drawdown
2.5myear™ ! in the urban area, encompassing the city of Puebla, San
Andres Cholula and Necatitlan.

3. Materials and methods

Groundwater sampling was carried out in 20 drinking supply wells
in November 2014, at shallow and deep aquifer, with total depth of 188
to 247 m (Table 1). The present study was conducted according to the
authorization and guidelines for access to the supply wells of the Water
Utilities Company “Consorcio de Agua de Puebla” in charge of the
administration of the Potable Water System. The sampled wells were
distributed throughout the urban area of Puebla City (Fig. 1).

The rainfall during the sampled campaign was about 16.25 mm
(SMN, 2017), therefore, it is very unlikely that the rain would have any
short-term effect on the geochemistry of the water samples.

In order to determine field and laboratory parameters, water was
collected in plastic containers, which were appropriately washed in the
laboratory. Different Hanna 9828 CB-29586 multi-parametric electrode
probes were inserted to read water temperature, redox potential (Eh),
pH, total dissolved solids (TDS) and electrical conductivity (EC).

The water samples were collected according to existing protocols
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detailed in norm NOM-230-SSA1-2002 (DOF, 2003) which conformed
to APHA, AWW and WEF guidelines (2005). Two water samples were
taken, one to analyze anions, and other to cations and heavy metals; the
sample of cations and heavy metals was preserved with nitric acid until
reaching a pH less than or equal to 2. A third sample for each site were
taken for total hardness. All the samples were stored in refrigeration
(4 °C) until analyzed. The parameters presented in Table 3 were de-
termined in the laboratory.

Determinations by Inductively Coupled Plasma Emission
Spectrometry (ICP-OES) and Liquid Chromatography high performance
(HPLC) were carried out at the Laboratory of Geosciences at the
National Autonomous University of Mexico. The rest of the samples
were analyzed by conventional techniques in the Water Quality
Laboratory of the Mexican Institute of Water Technology (IMTA).

Likewise, the Piper diagram has been used to define the different
hydrochemical groups using AquaChem 4.0 software (Waterloo
Hydrogeologic, 1999). To examine which minerals can dissolve or
precipitate within the aquifer systems, the saturation state of ground-
water with respect to selected mineral phases was computed using
Geochemist's Workbench (GWB) (Aqueous Solutions, 2016) and
PHREEQC software for speciation ions (Parkhurst and Appelo, 1999).
Information on mineral saturation states is useful for interpreting mi-
neral controls on ion concentrations and hypothesizing probable reac-
tions (Appelo and Postma, 2005).

The correlation coefficients were applied to detect the relationship
of physicochemical parameters, major ions and trace elements. A factor
analysis of cluster was also performed to better understand the sources
of the hydrochemical species and to identify the most significant factors
in the water-rock interaction process. The calculations were performed
using STADISTICA 10 software (StatSoft, 2011).
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Table 2
Components of the groundwater balance (units in Millions of m® year™ ) (DOF, 2016).

Inflow Outflow Change of storage
Th Iv Ir Total Sh Spr Db Total AS
196.8 116.5 47.4 360.7 422 19.0 327.7 3889 —28.2

Ih horizontal inflows, Iv vertical infiltration, Ir return flows, Sh horizontal outflows, Spr
springs, Db extraction by deep wells, AS change in storage.

4. Results and discussion
4.1. Chemical composition of groundwater

Physicochemical data of groundwater samples were statistically
analyzed and the results were summarized in the Table 4. The electrical
conductivity (EC) indicates the dissolved material in water and its va-
lues range 312 to 3340 uScm™ !, and mean of 1431 uS cm™?; these
reported values indicate high concentrations of dissolved material. The
concentration of Ca2*, Mg? ", K* and Na™ ions ranged from 28.74 to
431.2,6.53 to 110, 1.36 to 30.1 and 5.07 to 135.8 mg L~ ! with a mean
of 156.1, 52.9, 13.7 and 52.9mgL~ "' respectively. The order of
abundance is Ca®* > Mg?* > Na‘ > K".

Among the anions, the concentrations of HCO; ™, C1~, SO4>~ and
NO3~ ions lie between 105 and 1155, 4.84 to 107.4, 10.8 to 760 and
0.5 to 42.23mgL~! with a mean of 707.7, 39.5, 160.5 and
13.8mgL~ !, respectively. The order of their abundance is
HCO;~ > SO,2~ > CI- > NO3~.

The major ions represent 99% of the total concentration of each
sample. The anions HCO3 ™, Cl1~, SO42~ and NO; ™ represent between
72 and 78%, while for cations Ca**, Mg?*, K* and Na™ the percen-
tage varies from 20 to 28%, and < 1% correspond to minor ions and
trace elements.

Water quality was evaluated according to criteria established for
human consumption by the World Health Organization (WHO, 2008)
and criteria established for human use and consumption by Mexican
standards NOM-127-SSA1-1994 (DOF, 2004) (Table 4).

Based on Mexican standards, the value of pH was found in almost all
wells below the range defined by such regulation (6.5-8.5) except wells
2, 4 and 8 (6.31, 6.24 and 5.48); indicating that the pH of water
samples is well under the desirable limit. The TDS ranged from 260 to
2860 mg L™ 1 wells 2, 3, 4, 5, 6, 7, 8, 18 and 19 exceed the limit value
set in the Mexican standard and the WHO criteria of 1000 mg L™ *. The
sulphate (S0427) concentration varies widely in the monitored wells
(10.8 to 760mgL™ 1), wells 3, 8 and 19 exceed the limit of
400 mg L~ 'of the Mexican standards and wells 3 and 7 exceed the limit
250 mg .~ ! established by WHO. Chloride ion imparts a salty taste to
water, in the present study Cl~ ranging concentrations from 4.87 to
107mgL~ ", all values under the limits of the WHO criteria
(250 mg L™ 1). Nitrates is the most common form for nitrogen in
groundwater; NO3;~ is very soluble and mobile. The nitrate in the
samples was below the established limit by the Mexican standards
(44 mg L~ 1) and WHO criteria of 50 mg L.~ ! (Table 4).

For all the wells, sodium concentrations were below the limit of
200 mg L~ ! established by the WHO and calcium and magnesium
concentrations exceeded WHO criteria (75mgL~ ! and 30 mgL™},
respectively). In almost all the wells, total hardness values surpassed

Table 3
Quantified parameters and analytical techniques.
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the limit established by Mexican standard of 500 mg L.~ * and for all the
cases the WHO criteria of 100 mg L™ 1 (Table 4).

The majority of the collected samples in the study area show de-
tectable concentrations of Fe, Mn, F, Ba, Sr, Cu, B, Li and Zn. For the
other analyzed elements during the sample campaign, such as phos-
phate, Al, As, Be, Bi, Cr, Sb, Sn, Tl and Mo; their concentrations were
under the detection limit for the analytical method used.

Iron (Fe) is an essential element in human nutrition. Estimates of the
minimum daily requirement for iron depend on age, sex, physiological
status, and iron bioavailability and range from about 10 to
50 mg day ~ 1 (WHO, 2003a, 2003b). Iron concentration in the sample
wells varies widely in the monitored wells (0.001 to 0.38 mg L.~ b,
except in the well 7 where iron exceed both limits WHO and Mexican
standards (0.30 mg L.~ 1).

Manganese is one of the more abundant metallic elements in the
Earth; it is present in igneous and metamorphic rocks as a minor con-
stituent. In the Puebla Valley aquifer, Mn is a significant constituent of
basalt, and small amounts are present in dolomite and limestone, sub-
stituting the calcium (Hem, 1992). High exposure to Mn has been as-
sociated with toxicity, causing health problems (WHO, 2011a, 2011b).
In five of the wells, Mn was found above the established limit by the
Mexican standards (0.15mgL~; wells 2, 3, 4, 5 and 6) and in four
wells (2, 3, 4 and 5) for to WHO criteria of 0.4 mg L™ .

Barium (Ba) concentration ranged from 0.009 to 0.304 mg L™ 1 in
all the wells it was below the limit value set in the Mexican standards
and the WHO criteria (0.7 mg L™ ). Ba comes primarily from geogenic
sources (WHO, 2003a, 2003b). Ba is not considered an essential ele-
ment for human nutrition, in moderate to large concentrations can
cause death; and smaller concentrations can cause damage to the heart,
blood vessels, and nerves (Table 4).

In the urban area of Puebla Valley aquifer, the Boron (B) con-
centration ranges from to 0.11 to 2.16 mg L™ '. These concentrations
may represent a potential risk to the health of the population if these
sources are used for human consumption (WHO, 2008, 2010). B is an
element that can be present in groundwater, it is common in areas of
thermal springs and volcanic zones, and can enter in two main ways:
weathering of rocks containing boron and wastewater where boron is
derived from cleaning products and waste paint industries and varn-
ishes, textiles, leather tanning, and electronics, among others (Hem,
1992; Morell et al., 2008; Dyer and Caprara, 2009).

The F~ ranged from 0.08 to 1.43 mg L™ !, the concentrations for all
wells were below the limit value set in the Mexican standards and the
WHO criteria of 1.5mg L™ !, and the concentration of well 8 is almost
within the criteria (1.43 mg L~ 1). For Zn and Cu values were below the
limit established by the Mexican standards (5mgL~' for Zn and
2mg L~ ! for Cu) and WHO criteria (3 mg L™ * for Zn and 2 mg L™ ! for
Cu). In the all wells, Strontium (Sr) concentrations were below of the
lifetime health advisory of the US Environmental Protection Agency
(EPA, 2007) of 4mg L™ .

4.2. Hydrochemical facies

Based on the relative dominance of major cations and anions in
terms of their reacting values, four types of hydrochemical facies have
been identified in the urban area of Puebla City (Fig. 5), as follows: 1)
calcium bicarbonate (Ca-HCOs3, in nine wells), this waters originate

Parameters

Technique/equipment

€057, F~, Cl7, NOs™, Br™, PO,>~ HCO3™ and SO,*~

Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb,
Se, Si, Sr, Ti and Zn

Total hardness

High performance liquid chromatography (HPLC). Equipment: Dionex ICS-2500 HPLC/IC.
Inductively coupled plasma with optical emission Spectrometry (ICP-OES). Equipment: Thermo
iCAP 6500 Duo View.

Titration NMX-AA-072 SCFI-2001 (DOF, 2001)
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Fig. 5. Piper diagram of chemical data in the study area.

Table 5

The correlation matrix among the chemical constituents for groundwater samples (coefficients higher than 0.07 were shown as bold fonts).

pH EC HCO;~ TDS NOs~ SO42~ ClI- Na?* Mg?* Ca?* K" Fe Mn Ba Cu Zn B Sr o Li
pH 1.00
EC -0.92 1.00
HCO;~ -—0.84 0.82  1.00
DS -0.89 0.96 0.67 1.00
NO;~  0.12 -0.03 —024 0.09 1.00
S04~  -0.65 079  0.40 0.89 036  1.00
cl- -0.70 0.83 0.54 0.90 021 090  1.00
Na’*  -0.76 072  0.91 0.61 -027 030 052  1.00
Mg>* —0.78 0.84  0.93 0.70 -021 047 056 0.85  1.00
ca®’* -078 0.92  0.62 093 016 091 091 047 063 1.00
K* -0.70 0.66  0.87 0.53 -034 023 045 093 0.80 045 1.00
Fe -0.19 033 0.14 0.32 -026 037 031 017 023 030 019  1.00
Mn -027 014 0.34 0.03 -048 -035 -0.15 071  0.30 -0.17 070  0.01 1.00
Ba 0.39 -037 —-020 -043 -0.18 -046 -033 -022 —0.34 -030 -008 -013 020 1.00
Cu 0.35 0.14 -040 -0.36 024 -022 —-027 —-029 -043 -037 —030 —0.06 -048 006  1.00
Zn 0.17 -022 -012 -023 -024 -022 -020 -005 -016 -0.27 -0.06 0.13 -021 055 0.06  1.00
B -0.87 0.89 0.81 0.87 —023 067 0.8 080 080 082 078 025 0.25 -036 -0.38 —020 1.00
Sr -0.88 093 074 094 -003 080 0.88 070 072 091 070 025 0.13 -0.34 -038 -023 096 1.00
Li -077 072 0.73 0.65 -044 029 049 081 072 052 0.86 018  0.80 -021 -038 -0.19 0.83 0.77 1.00

from rapid groundwater flow path and low residence time; 2) mixed
bicarbonate (Mix-HCOs3, nine wells), correspond to mixing waters
which have relatively longer circulation flow paths and high ion con-
tent; 3) calcic sulphated bicarbonate (HCO3; -Ca-SOy,, one well), and 4)
calcium sulphated water (SO4-Ca, one well), correspond to old waters
which have deep circulation within aquifers, having very high ion
content due to prolonged contact with rocks. These type of waters have
highest TDS values among all waters samples, cation are dominated by
Ca®™* and Mg?™* and the anions are dominated by SO,>~.

Mix-HCO3; waters show a tendency towards a Ca—-Mg-HCO3; com-
position, with a trend of increased sulphate probably from dissolution
of calcite, dolomite and gypsum. Waters within the deep wells are
predominantly rich in SO,2~, Mg?™*, Ca?*, and other ionic solutes
from the substratum (Fig. 5).

The chemical tendencies observed in the shallow and deep
groundwater are the consequence of processes that change the

chemistry of water along the direction of flow and hydrogeology of
each rock unit.

4.3. The origin of the solutes

Correlations between dissolved species can reveal the origin of so-
lutes and the process that generated the observed water compositions
(Jalali and Jalali, 2016). Direct correlation exists when an increase or
decrease in the value of one parameter is associated with a corre-
sponding increase or decrease in the value of other parameter (Guey-
Shin et al., 2011). The correlation coefficient matrix for the chemical
parameters is shown in Table 4. If the correlation coefficient (r)
is > 0.7, two parameters are considered to be strongly correlated,
whereas if the value r is between 0.5 and 0.7, it indicates a moderate
correlation at a significance level p\0.05 (Guey-Shin et al., 2011).

Parameters having high correlations are EC and TDS (r = 0.96)
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Fig. 7. Dendrogram of water quality parameters.

because all of the dissolved components cause an increased ionic con-
centration, as well as increased EC measure (Table 5). EC and TDS are

228

highly related to SO4*~ (r = 0.89), Ca®* (r=0.93) and Cl~
(r = 0.90) but moderately related to Mg>* (r = 0.70), Na* (r = 0.61)
and K* (r = 0.53). Na2* and Cl~ also have positive correlation
(r = 0.52). The relation is not apparent in comparison to Cl~ versus
sulphate waters (r = 0.90). This relation was scattered (Fig. 6a) in-
dicating a different source of chloride for high and low sulphate con-
centrations.

Ca®?* and Mg®* presented positive correlation (r = 0.63; Table 5
and Fig. 6b) indicating a common source. It could be predictable that a
great part of HCO3™ originated from dissolution of carbonate rocks. The
dissolution of carbonate releases Ca®™* into solution, producing water
type Ca-HCOj3 (Fig. 5). The correlation coefficient between Ca®* and
HCO3™ is moderate (r = 0.62, Fig. 6¢), and indicates calcite is the
source of bicarbonates. Incongruent dissolution of dolomite is a rule in
aquifers containing limestones, dolostones (dolomite-type carbonate
rocks) and gypsiferous rocks (or anhydrite).

The increase in Ca®* concentration in water, caused by gypsum
dissolution provokes calcite precipitation by the common effect, this
process known as dedolomitization and it is written as follows
(Baldassare et al., 2011; Appelo and Postma, 2005; Sacks et al., 1995):

1.8CaSO; + 0.8CaMgCO;,, — 1.6CaCOx(5) + Ca’* + 0.8Mg>* + 1.850,>
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Fig. 8. Speciation diagrams for HCO5;~, SO4>~, Ca®*, Mg®™* vs pH.

Table 7
Summary of saturation indices.

Well ID Saturation index
Calcite Gypsum  Dolomite-dis Dolomite-crys
1 Atlixcayot] 9 0.169 —2.295 —0.103 1.443
2 Atlixcayotl 2 -0.206 —1.669 —-1.151 0.398
3 Recta Cholula 0.025 —1.034 —0.759 0.807
4 Momoxpan 5 —-0.233 —-1.706 —1.186 0.355
5 Carretas 0.104 —1.790 —0.518 1.029
6  Carcana 3 0.511 —-1.667  0.438 1.976
7 La Constancia 0.334 —-1.015 —0.456 1.110
8  Sulphuroso 2 (CAPU) -1.263 —0.533 —3.594 —2.073
9 CFE2 -0.061 —2776 —-1.161 0.417
10 Autopista —-0.055 —2.139 —0.995 0.588
11  San Rafael 2 —0.066 —2.802 -1.323 0.263
12 Heroes de Puebla 0.589 —2.142  0.024 1.606
13 San Miguel Mayorazgo 0.471 —2.749 0.122 1.692
14 La Victoria 0.186 -1.709 —0.539 1.030
15 Loma Bella 0.271 —1.687 —0.400 1.173
16 San Jorge 0.849 —-1.572 0.528 2.106
17  Gavilanes 0.874 —-1.743 0.586 2.164
18 Parque Juarez 0.603 —-1.112 0.044 1.621
19 Prados agua azul 0.408 —0.815 —0.130 1.431
20 CNIC 0.502 —1.529 0.381 1.955
Max 0.874 -0.533  0.586 2.164
Min -1.263 —2.802 —3.594 —2.073
Mean 0.2006 —1.7242 —0.5096 1.05455

The relation between Ca®?* and SO,2~, presented positive relation
(r = 0.91; Table 5 and Fig. 6d), indicating that gypsum is a source of
Ca?*. The correlation between SO,2~ and Mg2 * (r = 0.47; Table 5
and Fig. 6e) suggest that may also be derived by dissolution of gypsum
to produce magnesium in the dedolomitization reaction. Therefore, the
concentration of HCO5™ in the water diminishes and decreases the pH
(Fig. 6f), producing undersaturation of dolomite and oversaturation of
the calcite, therefore contributing to an additional dissolution as well as
the increase in the Mg2 " concentration in water.

Trace elements (Ba, Cu, Fe, Li, and Zn) and nitrate do not show a
strong correlation neither between them or with the rest of the chemical
variables examined. This behavior can be somehow attributed, par-
tially, to man-made pollution. Elements like B and Sr presents strong
correlation with C1~, Na™, Mg®* y Ca® ™, one interpretation of these
observations was that these trace elements in groundwater had similar

hydrochemical characteristics in the study area.

The cluster analysis (Ward, 1963) was performed to identify the
source between major ion concentration and trace elements for eigh-
teen variables. Fig. 7 show the relationship between these variables.
The variables HCO3, Mg, Na, K, Mn and Li fall in the cluster 1, whereas
SOy, Cl, Ca, F, B, Sr, Fe belong to cluster 2. Moreover, NOs, Cu, Ba, Zn
fall in cluster 3. The dendrogram suggests that the presence of major
and minor ions are chiefly controlled by rock-water interaction and
residence time of groundwater in the aquifer (Fig. 7). The ions of group
3 indicate impact of antropogenic contamination sources (discharge of
urban and industrial wastewater).

4.4. Ion speciation in groundwater

The speciation of total ions in different forms is necessary for the
understanding of hydrogeochemistry mechanisms; the model speciation
showed that HCO; ™, Ca®™*, Mg®>* and SO,®>~ are dominant species
(Table 6 and Fig. 8).

The F, Ba, Li, Zn, and Fe were found as free or complex species
(Table 6). For Cu element, the main species are present in the
groundwater are Cu®>* and Copper hydroxide. B and Si are present in
their acid form, these acids are not readily dissociate; they remain
stable until pH > 9. The Sr is present as free element, like a bicarbo-
nate ion and mineral as Celestite (SrSO4). Mn is present as free element,
like a bicarbonate ion and manganous carbonate (Manganese (II) Car-
bonate).

4.5. Saturation index (SI)

The saturation index is a measure of the departure from equilibrium
of the water with respect to mineral phases. An SI value of zero, with an
associated range of uncertainty ( *= 0.1), indicates the water is in
equilibrium with respect to the mineral phase; a value of less than zero
indicates undersaturation (mineral dissolution is possible); and a value
greater than zero indicates oversaturation (mineral precipitation is
possible) (Sacks and Tihansky, 1996; Appelo and Postma, 2005). These
calculations assume that the dissolved species in the groundwater are at
chemical equilibrium.

Since primarily the bicarbonate, calcium, magnesium and sulphate
compounds represent the increase in TDS, the analysis of mineral spe-
ciation was focused on calcite (CaCO3), dolomite (CaMgCOs, disordered
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Fig. 9. Relation between a) calcite, b) disordered dolomite, and ¢) gypsum saturation index and sulphate concentration in water from wells sampled in November in 2014.

and crystalline) and gypsum (CaSO,4). The IS are summarized in
Table 7. Most of the waters varied from equilibrium to oversaturated
with respect to calcite. Water from one well (well 8) was under-
saturated with calcite; this water had a high concentration of dissolved
solids and sulphate.

The wells presented waters undersaturated and equilibrium with
respect to “disordered” dolomite and saturated to oversaturated with
respect to crystalline dolomite. Geochemical calculations have showed
that solubility constant in the Puebla Valley aquifer is probably more
similar to disordered dolomite than the crystalline (Kt = 16.6 to 16.7),
because magnesium concentrations increase along the flow paths. Most
of the wells are in a state of undersaturated which means that even
dolomite will dissolve in the water, that will be reflected through the
increase magnesium concentration. All waters are undersaturated with
respect to gypsum.

In addition, waters with lowest sulphate concentrations were
oversaturated with respect to calcite and undersatured with respect to
“disordered” dolomite (Fig. 9a, b). The Fig. 9c shows that the wells with
lower sulphate concentrations were undersaturated with respect to the
gypsum, but wells with the high sulphate concentrations were closest to
equilibrium with gypsum (SI value of about — 0.533 for well 8).

The hydrogeochemical process is summarized as follows: water in-
itially in equilibrium with calcite dissolves gypsum and dolomite. The
additional calcium and carbonate in the water causes calcite to become
oversaturated and to precipitate. The combination of these three reac-
tions is termed dedolomitization (Appelo and Postma, 2005; Sacks and
Tihansky, 1996). Evidence of dedolomitization reactions and common
ion effect is illustrated by concurrent increases in sulphates, calcium
and magnesium concentrations in the upper aquifer by upwelling of
mineralized water from deep aquifer (Salcedo-Sanchez et al., 2016).

The dedolomitization probably occurs in the deep aquifer and the
middle unit. The removal of calcium from solution during calcite
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precipitation should affect the saturation state of groundwater with
respect to gypsum; sulphate concentrations increase in deep wells like
well 8, which is dissolution and calcite precipitation also probably
occur deep in the aquifer near the gypsum, and is evidenced by high
concentrations of calcium and magnesium and could explain under-
saturation with respect gypsum.

The maps of the spatial distribution of the saturation index with
respect to calcite, dolomite and gypsum show the actual dissolution
(Fig. 8). Calcite is distributed around oversaturation/equilibrium in
almost all the wells (equilibrium is taken to be between SI = — 0.1 to
0.1). The calcite will tend to dissolve in the northeast and southwest of
the city (Fig. 8a).

Dolomite is distributed around equilibrium to undersaturated
(Fig. 8b), the undersaturated samples will tend to dissolve magnesium
in the north and northwest of Puebla City.

The behavior of the saturation index with respect to gypsum ex-
plains the increased sulphate concentrations in wells that have not yet
reached to equilibrium with this mineral and currently are under-
saturated. As shown the Fig. 8c, the wells located outskirts of the city
will tend to dissolve sulphates, caused by their undersaturated condi-
tion.

5. Conclusions

The urban zone of the Puebla Valley aquifer is associated to the
main structures that control the distribution of the volcanic and sedi-
mentary sequences. This implies a considerable reduction in the quality
of water pumped from wells located in this area. In addition, the depth
of the wells that are targeting the middle aquifer intensifies this pro-
blem since allows the hydraulic connection between shallow and
middle aquifers (Fig. 10).
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Fig. 10. Interpolation of saturation indices to determine the dissolution of calcite (a), dolomite (b) and gypsum (c).
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Fig. 10. (continued)

The hydrochemistry varies in relation to different water-rock in-
teractions presence of calcite, dolomite, gypsum and volcanic rocks.
This study has demonstrated that the chemical composition of
groundwater differs according to water types.

The dominant facies containing Ca-HCO3, Mix-HCO3; and followed
HCO3-Ca-S04, SO4-Ca. Puebla Valley deep aquifer follows the classic
evolution of water in a carbonate aquifer. In the upgradient recharge
area, groundwater composition is dominated by calcium and bicarbo-
nate. In the discharge area, calcium, magnesium, and sulphate con-
centrations increase, which is consistent with gypsum and dolomite
dissolution due upwelling of mineralized water, evidencing the dolo-
mitization reactions in deep aquifers and facies evolution.

This analysis has revealed the content of ions in solution through
the calculation of the saturation index, the results indicate that the
water in the wells located on the outskirts of the city dissolve as much
of sulphates to reach its equilibrium, wells with high concentrations of
sulphates are coming to equilibrium in the solution with gypsum. While
the area in which there is almost equilibrium with gypsum, greater
dissolution of magnesium and calcium were presented due to the un-
dersaturated condition with dolomite and calcite in this water. The
computation of the saturation index of mineral phases with ions in
solution (Ca®*, Mg®™*, SO,2~, HCO5 ™) and their spatial interpolation
allowed the identification of those wells that were in the process of
mineralization (by increasing concentrations sulphates, calcium and
magnesium) and areas where the process can occur.

Upwelling of mineralized water is probably accelerated by vertical
flow through fractures and faults that connect deeper and shallower
parts of the aquifer. Due to these conditions, urban wells should be
drilled as far from these structures as possible in order to avoid con-
tamination due to upwelling.

Most water quality parameters are below the limits of the Mexican
standards acceptable for drinking water, and show a gradual dete-
rioration in the water quality for WHO criteria. This article presents the
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preliminary results of heavy metals studied in the urban zone. Almost
all the wells were found under Mexican standards due WHO criteria can
be considered stricter than with Mexican norms; only Boron and
Manganese had concentrations above the drinking water limits in
moderate to large concentrations, which can cause health problems.
The origin of these metals is from natural water-rock reaction processes
in the aquifer, but B is an element that can be present in groundwater
from weathering of rocks containing boron and wastewater from
cleaning products and waste paint industries and varnishes, textiles,
leather tanning, and electronics, among others.

The statistical results of cluster analysis indicate that the presence of
major ions and physicochemical parameters are chiefly controlled by
rock water interaction and residence time of groundwater and indicate
the impact of anthropogenic contamination sources due the minor
elements like NO3, Cu, Ba, Zn.
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