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ARTICLE INFO ABSTRACT

Previous studies performed on the volcanic-sedimentary aquifer of the Tenancingo Valley (Mexico) reports high
concentrations of Fe, Mn, and NO3;~, and water from several wells receives purification treatments due to
presence of Fe and Mn. These studies have not achieved conclusive results regarding the origin of Fe and Mn, nor
have hydrogeochemical evaluations of the aquifer been performed. The present study aimed to evaluate the
physicochemical characteristics of the water and identify the geochemical processes that determine presence of
Fe and Mn in groundwater. This characterization was based on physicochemical data from well and spring
samples (16 samples) during dry and rainy seasons (June and November 2012, respectively).

The EC, temperature and pH ranged from 125 to 793 uScm™?, 14.5 to 24.9 °C and 6.5 to 8.5 pH units,
respectively. The Eh values ranged from — 219 to 327 mV, indicating the existence of both reducing and oxi-
dizing zones. Presence of Fe and Mn was detected in both springs and wells; concentrations were higher in well,
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exceeding 4 mg Fe L™ ! and 0.5 mg Mn L™ *. Content of Si ranged from 12 to 47 mg L™ .

A model of the hydrogeochemical behavior of the aquifer was created to highlight the following: i) processes
involved in water-rock interactions, including fluctuations in silicate levels that determine anionic and cationic
content of water, and ii) redox reactions as the major control processes of Fe and Mn.

Water quality for human use is restricted by Fe and Mn content and pH. For irrigation use, significant lim-

itations were not presented.

1. Introduction

Hydrogeochemistry provides tools to enhance knowledge of the
physicochemical composition of water and its recharge conditions,
origin, residence time and potential mixing in groundwater systems. In
aquifers under intense exploitation, hydrogeochemistry is also used to
identify processes resulting in contamination or modification of the
physicochemical characteristics of water (Ortega-Guerrero, 2009; Dassi,
2011), and in this way, contributes towards a more complete perspec-
tive of the origin, behavior and evolution of groundwater.

Hydrogeochemistry allows probing physicochemical composition of
volcanic-sedimentary aquifers, which are frequently found to have high
concentrations of undesirable and potentially toxic elements, such as
arsenic, vanadium, fluoride, iron and manganese, among others
(Esteller and Andreu, 2005; Vivona et al., 2007; Ortega-Guerrero, 2009;
Parisi et al., 2011; Cinti et al., 2015; Morales-Arredondo et al., 2016);
these restrict the use of groundwater as a supply source for human,
agricultural and industrial uses.

When volcanic rocks are present, the cationic fraction tends to be
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more soluble in groundwater than the anionic fraction (Marrero, 2010).
For example, water circulating through basalts and trachytes receives a
higher contribution of Mg** than Ca®*, while water circulating
through andesites tends to have a high Na* content (Appelo and
Postma, 2005; Marrero, 2010). In this aquifers, the alteration of sili-
cates is the most relevant process controlling the chemistry of
groundwater, and furthermore, feldspars (plagioclases), as well as oli-
vine, augite (pyroxene) or hornblende (amphibole), are easier to attack
than quartz (Sonkamble et al., 2012), also evidenced by the silicate
alteration sequence of Goldich (Appelo and Postma, 2005).

This process of silicate alteration may be represented by the fol-
lowing reactions (Appelo and Postma, 2005; Rahman et al., 2011;
Sonkamble et al., 2012):

2NaAlSi;Og + 2CO, + 11H,0 — 2Na* + 2HCO;~ + ALSi,0s(OH), + 4H,SiO,
Albite Kaolinite
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3NaAlSi;Og + Mg+ + 4H,0 — 2Na* + 2 NagsAl sMg, ;SisO10(OH), + H,SiO,

Albite Na—Montmorillonite

(2)
NaAlSl303 + C02 + 8H20 — Na* + HCOg_ + AI(OH)3 + 3H4SIO4
Albite Gibbsite

3
2KAISi;0g + 2CO, + 11H,0 — 2 K* + 2HCO;~ + ALSi,05(OH), + 4H,Si0,
Orthoclase (microcline) Kaolinite

@

The dissolution of anorthite may be a source of Ca®* also, which

takes place by the following reactions (Drever, 1997; Jalali, 2006):
CaALSi,0g + 2CO, + 3H,0 — Ca?* + 2HCO,~ + ALSi,05(0H),
Anorthite Kaolinite )

7CaALSLOg + 12H* + 8Si(OH),0 — 6Ca?* + 16H,0
+ 3Cay.33Al4(Siz67Al033010)2(OH),
Ca—Montmorillonite
(6)
It is also important to consider reactions with mafic minerals, which

are abundant in basalts and andesites. Examples of these reactions
follow (Hounslow, 1995; Appelo and Postma, 2005):

Anorthite

2KMg,AlSi;010(OH), + 14CO, + 10H,0 — AL Si,05(0OH), + 2 K+
+ 6Mg?* + 14HCO;~ + 2H,Si0,

Biotite Kaolinite (7)
MgZSIO4 + 4CO, + 4H,0 — 2Mg2+ + 4HCO37 + H,4SiO,
Forsterite (Olivine) 8)
(Mg, ,CaAlg3)(Alg3Si 7)Og + 3. 4H' + 1. 1H,0

— 0. 3ALS,0s(OH), + Ca** + 0. 7Mg?* + 1. 1H,4SiO,
Augite Kaolinite 9)

The presence of Fe and Mn in these aquifers may be due to either
natural or anthropogenic sources (Kegley and Andrews, 1998;
Senderos, 2001; Ortega-Guerrero, 2009; Corniello and Ducci, 2014). In
nature, Fe and Mn are rarely found in elementary state, although sev-
eral minerals contain varying amounts of these elements, including
oxides, sulfides, carbonates and silicates, among others (pyroxenes,
amphiboles, biotite, magnetite and in particular, olivine). The reactions
involving these minerals can be represented by (Appelo and Postma,
2005; Smith and Roychoudhury, 2013):

Fe,Si0, + 4CO, + 4H,0 — 2Fe?* + 4HCO;~ + H,Si0,

Fayalite (Olivine) (10)
ZK(Mngez)(Alslg)olo(OH)2 + 10H* + 0. 502 + 7H20

— ALSi,05(0OH), + 2 K+ + 4Mg?* + 2Fe(OH); + 4H,SiO,
Biotite an
MgFeSi, 04 + 4H' + 2H,0 — Fe?* + Mg?* + 2H,Si0,
Hypersthene (pyroxene) 12)

Anthropogenic sources of Fe and Mn stem from wastewater dis-
charge, dusts and aerosols during metallurgical processing, coal com-
bustion, corrosion of water pumping infrastructure and transport of
minerals or contamination associated with mining activities.

Both Mn and Fe may appear in different oxidation states, and thus,
the chemistry of these elements in water tends to be very complex; their
reduced forms (Fe?*, Mn?*) are more soluble than their oxidized
forms (Fe>*, Mn* ). The concentration of Fe in groundwater may vary
widely from 0.5 to 50 mg L™ !. Meanwhile, Mn concentration tends to
range from values lower than 0.001 mgL~*' to values slightly above
1 mg L~ '. Concentration of Fe tends to be higher since this element is
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more abundant in the Earth's crust (Appelo and Postma, 2005; BGS,
2003).

The main factors controlling the presence of these elements in water
are pH, redox conditions and presence of organic or inorganic ligands
(Weng et al., 2007; Smith and Roychoudhury, 2013; Corniello and
Ducci, 2014). An acidic pH indicates that both ions are mobile, while a
more neutral pH indicates that mobility is determined by redox con-
ditions. Likewise, under oxidizing conditions, concentrations of both Fe
and Mn are low, as these elements tend to appear as insoluble oxides;
under reducing conditions, both elements become more soluble (Appelo
and Postma, 2005; Weng et al., 2007). Another influencing factor is the
pumping of water from wells, which causes changes in pressure and
promotes intake of oxygen by aeration. This may lead to the pre-
cipitation of insoluble Fe and Mn hydroxides (Kazak and Pozdniakov,
2010), and thus, to a decrease in well efficiency (Senderos, 2001).

In water for human use and consumption, high concentrations of Fe
or Mn deteriorate supply system infrastructure, lead to the appearance
of stains on clothing, sanitary and domestic utensils, modify organo-
leptic characteristics and lead to biofouling and microbiological cor-
rosion (Kegley and Andrews, 1998; Smith and Roychoudhury, 2013). In
addition, the potentially toxic effects of Fe and Mn pose risks to human
health, where for example, excess ingestion of Fe can provoke anato-
mical and functional alterations, especially in the liver, pancreas, heart
and pituitary gland. Prolonged contact with Fe may produce con-
junctivitis, chorioretinitis, retinitis and siderosis; meanwhile, high le-
vels of Mn may alter the nervous system, irritate lungs and cause
pneumonia (NRC US, 1979; BGS, 2003; Alvarez-Bastida et al., 2013).

Given the risks to human health associated with excessive Fe and
Mn consumption, the Mexican regulatory framework (NOM-127-SSA1-
1994, 2000) recommends that concentrations of Fe and Mn do not
surpass 0.30mgL~ ' and 0.15mgL~ ", respectively. In the United
States, the EPA (2003, 2004) outlines upper limits of 0.30 mg L.~ ! for
Fe and 0.05 mg L.~ ! for Mn.

One example of this problem occurs in the water of the Tenancingo
Valley aquifer (Mexico). The National Water Commission (Comisién
Nacional de Agua; CNA, 2001) reports high concentrations of Fe, Mn,
and NO3;™~ in the aquifer, and water from several wells receive pur-
ification treatments due to presence of Fe and Mn.

Previous studies performed on the Tenancingo Valley aquifer have
not achieved conclusive results regarding the origin of Fe and Mn, nor
have hydrogeochemical evaluations of the aquifer been performed
(CNA, 2001; Medina, 2011). Furthermore, the aquifer could be sub-
jected to a more intense exploitation in the future and at a certain point,
anthropogenic contaminants that are currently retained in the un-
saturated zone may begin to appear in groundwater.

Thus, the objectives of this study on the Tenancingo Valley aquifer
are to: 1) identify the hydrogeochemical processes that control the
chemical composition of the groundwater, 2) perform a study to explain
the behavior of Fe and Mn, their origin and the geological processes
that determine their presence, and 3) evaluate the groundwater use for
human consumption and irrigation.

2. Study area

Located in the central region of the Mexican Republic, the study
area lies 48 km south of Toluca, the capital of the State of Mexico
(Fig. 1). The elevation ranges from 2060 to 2490 m asl; the climate is
temperate, according to the Koppen climate classification, with an
average temperature of 19.6 °C and an average rainfall of 1050 mm
(GEM, 1997). The Tenancingo River is the main river and flows per-
ennially through the central valley, although high levels of con-
tamination are present due to dumping of wastewater (CONAGUA,
2007).

Volcanic and sedimentary processes determine the geology of the
area (Fig. 1). Volcanic activity produced andesite material (Tmpz),
basalt lava and breccia (Qb), lahars and tuffs (Tpch), and sedimentary
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Fig. 1. Map of the study area showing the location in respect to Mexico and base map with geology and sampling locations.

processes originated alluvial deposits (Qal). Of these materials, ande-
sites and alluvial deposits are of the greatest hydrogeological interest,
as these materials have formed the aquifer units currently under ex-
ploitation (CNA, 2001).

In the western portion of the study area, a Tpch formation with a
surface area of 5.2 km? is exclusively composed of fragments derived
from volcanic rocks and intercalated with lahars, although wells are not
present. Qb deposits are distributed along the central-western portion
of the valley and to the west of the study area in the form of small
stretches or outflow channels enclosed by cliffs or valleys, including
self-brecciated and block formations. A formation of pyroclastic mate-
rial spans 6.4 km?, varying in texture from lapilli (very permeable) to
ash. Lithologically, this unit is constituted by dense basalt with grey to
dark grey olivine and pyroxene material, although breccia and block
agglomerates and reddish tezontle volcanic rock may be observed.

The Tmpz formation is distributed along the northern, eastern and
southern peripheries of the valley, composed of grey andesites con-
taining mainly plagioclases and mafic minerals characterized by augite
and hypersthene phenocrysts, although hornblende and biotite are also
present. Occasional volcanic or lahar deposits are intercalated
throughout this formation, which is estimated to reach an approximate
thickness of 500 m and occupy an extension of 83.6 km? in the study
area. Low permeability values are presented in this formation (Medina,
2011).

Thickness of andesite materials is variable, horizontal and vertical
hydraulic conductivity average at 0.02m d ™~ '. Specific yield is 0.01,
and a total porosity is 0.17% (Medina, 2011). Localized water use
across the Tmpz formation stems from springs, and dug wells with a
maximum depth of 15 m, and is characterized by low rates of water
flow for extraction purposes.

The largest recharge zone of the aquifer is composed of detritic
materials consisting of fragments derived from volcanic rocks (Qal).
This area is the most exploited due to its hydraulic potential as an
unconfined aquifer. The horizontal hydraulic conductivity averages at
4md~ ! and the vertical hydraulic conductivity at 0.4 md ™!, with a
specific yield of 0.15 and a total porosity of 0.3% (Medina, 2011).
Depths of boreholes in Qal range from 180 to 240 m, with extraction
volumes of 0.5Ls™ ' to 35Ls™ %

In the aquifer, groundwater flows from the northern, eastern and

southern peripheries towards the central portion of the study area, and
from there, converges towards the west, following the course of the
Tenancingo River. The depth of the groundwater table level varies
between a minimum of 1.5 m and maximum of 80 m.

Although the degree of exploitation of this detritic aquifer continues
to increase, it may be considered underexploited since the availability
of groundwater is 3.8 Mm®year~!, based on a recharge of
8.6 Mm®year™! and an extraction volume of 4.8 Mm®year !
(CONAGUA, 2007). Yet in the central valley groundwater level de-
pressions (38-80 m of depth) have occurred due to the concentration of
water pumping in this area (several pump water for urban supply 24 h a
day).

No data are available on variations in the withdrawal flow but on
some chemical characteristics of the water. The chemical characteristics
allow verifying how from the year 2001 there has been an increase in
the concentration of TDS and chlorides. In 2001, the values of TDS in
the wells located in the zone of greater pumping were around
700 mg L™ %, and in 2010 in 1000 mg L~ '; while the chloride con-
centration increased from 100 to 300 mg L™ . As for Fe and Mn, con-
centrations have varied between 1 and 7 mg L~ ! for Fe and between
0.05 and 0.40 for Mn (GEM 2001-2011).

In the area, the main economic activity is agriculture and in parti-
cular, floriculture, which is destined for regional and national trade and
exportation. Due to the economic success of this activity, an accelerated
population growth has occurred, leading to an increase in the use of
agrochemicals and in waste at dumpsites. This has led to a diversifi-
cation in the volume and type of contaminants that may be exposed to
groundwater (Medina, 2011; CNA, 2001).

3. Materials and methods
3.1. Water sampling

A sampling network of 9 wells (boreholes) and 7 springs was es-
tablished (Fig. 1, Table 1), to sample according to the following three
motives: 1) sample all active wells in the study area, 2) select natural
springs distributed throughout the study area, and 3) consider possible
restrictions in access to sites due to sampling techniques.

Two periods of sampling were carried out at the end of the dry (June
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Table 1
General data of the wells and springs (CAEM, 2012; Medina, 2011).
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D Depth of SL (m) Depth of DL (m) Q (m%/d) Well depth (m bgl) Depth of open section (m bgl) Geology Water use

*2011 *2011 *2011

**2012 **2012 **2012
P1 *33 *64 *4752 160 56-156 Qal Drinking water
P2 *38 *59 *4320 150 50-120 Qal Drinking water
P3 *6 *15 *3456 220 98-200 Qal Drinking water
P4 *38 *68 *2870 200 110-181 Qal Drinking water
P5 **50 **143 **319 200 ND Qal Drinking water
P6 **25 **34 **1209 200 ND Qal-Tmpz Drinking water
pP7 **30 **55 **1296 200 ND Qal Drinking water
P8 ND ND ND 100 ND Qal Drinking water
P9 **33 **50 **345 60 ND Qal-Qb Livestock
M1 NA NA SD NA NA Tmpz-Qal Drinking water/agricultural
M2 NA NA **993 NA NA Tmpz Drinking water/agricultural
M3 NA NA **138 NA NA Tmpz-Qal Drinking water/agricultural
M4 NA NA **52 NA NA Tmpz-Qal Drinking water/agricultural
M5 NA NA **268 NA NA Tmpz Drinking water/agricultural
M6 NA NA ND NA NA Tmpz Drinking water/agricultural
M7 NA NA **147 NA NA Tmpz Drinking water/agricultural

NOTE: P - wells, M -springs SL - static level; DL - dynamic level; Q - pumping rate/flow, Qal: alluvial material (gravel, sand and silt); Qb: basaltic lava, Tmpz: andesitic lava; ND - not data;

NA - not applicable.

2012) and rainy (November 2012) seasons. Containers, use of pre-
servatives and care during storage and transport to laboratory were in
conformity with the guidelines specified by APHA-AWWA-WFPC
(2005).

During each sampling session, 16 water samples (one per site) were
obtained, in addition to a duplicate set. Wells not currently in operation
were purged for 10 min before sampling. For springs, samples were
obtained by submerging the sampling container in an open-air artificial
reservoir, with sufficient flow to ensure sample integrity.

3.2. Field and laboratory measurements

In situ, pH, temperature (T®), electrical conductivity (EC), redox
potential (Eh) and alkalinity were evaluated. The pH, T¢, EC, and Eh
were determined with a Thermo Scientific meter. Alkalinity was mea-
sured by titration with commercial equipment (La Motte, code 3467).
TDS was calculated from summation of ion concentrations.

250 mL of water destined for cation analysis were filtered in situ
through a nitrocellulose membrane (Millipore, 0.45 pm mesh) and
acidified with reagent grade HNO3 until reaching pH < 2. The volume
of the water sample for anion analysis was 1000 mL. All water samples
for evaluation of ionic content were preserved in ice until arriving at
the laboratory for analysis.

Cation analysis was performed by the inductively coupled plasma-
mass spectrometry technique (ICP-MS) at the Laboratory of
Environmental Geochemistry of Autonomous National University
Mexico-Campus Juriquilla. Sulfate content was determined by the tur-
bidimetric method; chloride by titration with silver nitrate; nitrate by
the brucine sulfate method and ammonium and nitrite with the HACH
field-sampling kit. These chemical determinations were done at the
Laboratory of Water Quality of CIRA.

In the first sampling campaign, the most representative chemical
parameters were considered, which were: Ca®*, K*, Mg®>*, Na*, Mn,
Fe, C1~, NO5; ™, and SO,2 ~. In the second session, was also included: Si,
AL, NO,™ and NH,4*. For the other analyzed elements during the sample
campaigns, such as As, Be, Bi, Cd, Cr, Cu, Li, Mo, Pb, Sb, Se, Sr, V and
Zn; their concentrations were under or close to the detection limit for
the analytical method used (ICP-MS).

The concentration of carbonate (CO;2~) and bicarbonate ions
(HCO3 ™) was calculated, using the following formulas (Deutsch, 1997):

116

Alkalinity (mg L-'CaCO3) 6
(2 + 12%2)*50
Alkalinity (mg L"'CaCOs)
2-107103 ¥
(1 + ) 50

107PH
A charge balance verified the results for ionic content of water.
Charge balance errors were less 8%, except for water samples P6, P9,
M2 and M7 with errors between 9 and 10%. The error was considered
acceptable due to the low mineralization of the water (EC < 250 uS/
cm) (Koh et al., 2009).

CO3 (mgL?) = 0

HCO; (mgL'Y) = 61

a3

3.3. Data analysis

The hydrogeochemical characterization was performed using gra-
phical and statistical tools in the AquaChem 3.7 software (Waterloo
Hydrogeologic Inc., 1999).

To evaluate the solubility of Fe and Mn in groundwater, pH/Eh
diagrams were used, also known as speciation or Pourbaix diagrams.
Several pH/Eh diagrams exist for iron and manganese, including the Fe-
O-H diagram, which is widely used for being easy to understand and
having clearly defined fields. From this diagram, others are also derived
as a function of the carbon, silica or sulfur content, as well as the mi-
neralogical stability (Appelo and Postma, 2005). These diagrams were
developed using the Hydra-Medusa software (Puigdomenech, 2004).

An Anderson-Darling test was test to check if the data is normally
distributed. The results obtained show values of p < 0.05. Only Eh
have values of p = 0.14. The correlation matrix was calculated con-
sidering that data are non-parametric. The matrix calculation was
performed with the Spearman rho coefficient with a p < 0.05.
Parameters with few data were not used (NO;~, NH, ", NO, 7). In the
case of samples that presented values below the quantification limit,
this limit value was used as data. The MINITAB software was used for
all calculations.

This coefficient is a statistical measure of the strength of a re-
lationship between paired data. It can describe the strength of the
correlation using the guide that Koh et al. (2009) suggest for the ab-
solute value of r: If the r is > 0.7, two parameters are considered to be
strong correlated, whereas if the value r is between 0.5 and 0.7, it in-
dicates a moderate correlation at a significance level p = 0.05.

The saturation index (SI) and ion speciation were calculated using
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PHREEQC-Version 3 (Parkhurst and Appelo, 2013). The SI is a measure
of the departure from equilibrium of the water with respect to mineral
phases. A SI value of zero, with an associated range of uncertainty
( = 0.1), indicates the water is in equilibrium with respect to the mi-
neral phase; a value of less than zero indicates undersaturation (mineral
dissolution is possible); and a value greater than zero indicates over-
saturation (mineral precipitation is possible) (Appelo and Postma,
2005). These calculations assume that the dissolved species in the
groundwater are at chemical equilibrium.

3.4. Human consumption and irrigation quality

Water quality for human consumption was determined by com-
paring the values of the studied parameters with the values specified by
Mexican legislative regulations (NOM-127-SSA1-1994, 2000). The
suitability of water for use in agricultural activities was evaluated with
the support of Wilcox and US Salinity Laboratory diagrams (Wilcox,
1955; USSL, 1954).

4. Results and discussion
4.1. General physicochemical characteristics

In Tables 2 and 3, the studied physicochemical characteristics for
the dry and rainy sampling periods are presented, respectively. For
water sampled in wells, overall pH ranged from neutral to slightly al-
kaline, except in wells P1 and P2, which had a slightly acidic pH
(6.53-6.75). These wells are located within an urban area (Fig. 1) and
are exploited 24 h a day. Meanwhile, pH values > 8.3 were observed in
wells P4, P6 and P9, and for these samples, the concentration of car-
bonate ions (CO3> ™) was calculated. Based on these calculations, in dry
season at wells P4 and P6, CO3>~ content was 1.80 and 2.60 mgL™ %,
respectively, and 2.24 mg L™ ! during rainy reason in P9. In the case of
springs (Tables 2 and 3), pH values (7.10-7.81) tend to be lower in
comparison to the majority of wells. These lower values may be ex-
plained by the intake of CO, from the atmosphere as well as its presence
in soil due to root respiration and degradation of organic matter
(Appelo and Postma, 2005). Seasonal variation in pH values was
minimal.

Table 2
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The EC values in groundwater fluctuated between 137 and
793 uScm™ ! in the dry season and between 124 and 780 uS cm ™! in
the rainy season (Tables 2 and 3). After a rainy period (recharge), a
slight decrease in EC is observed, which was likely due to a dilution
effect, with the exception of wells P1 and P2. These wells presented the
highest values for EC in both sampling periods (677-793 uS cm ™ 1).

For springs, the highest EC was observed in M7 (229-232 uS cm ™ b,
which also has the highest NO;~ content (46.0 mgL~! during dry
season and 12.5 mg L™ ! during rainy season). Presence of NOs~ would
also indicate a process of leaching from the soil surface, transferring
contaminants to groundwater.

With respect to Eh, a large variability was found between sampling
periods. In the dry season, the extreme values were — 220 and 282 mV,
and in the rainy season, —208.1 and 327 mV (Tables 2 and 3). This
suggests that the groundwater environment is both oxidizing and re-
ducing (Kazak and Pozdniakov, 2010).

Bicarbonate concentration in samples proceeding from wells did not
exceed 156 mgL~"' in the dry season or 219 mgL™~"! in the rainy
season, with the exception of wells P1 and P2, which had concentra-
tions between 263 and 424 mg L.~ !. In springs, concentration of bi-
carbonates did not surpass 156 mgL~' in the dry season and
151 mg L~ ! in the rainy season, including minimum values close to
70 mg L™ ! during both seasons.

Chloride content was low in both wells and natural springs and did
not exceed 19 mg L™ !, except in P1, P2 and M7, where maximum va-
lues of 96, 89 and 26 mg L~ ' were found. Low values for chloride
content in nearly all of the sampled points may be associated with the
rapid passage of water through the aquifer, which is characteristic of
aquifers with a local flow; meanwhile, higher values for chloride (as
well as those of other ions) could be associated with an intermediate
flow (T6th, 1999). In the case of natural spring M7, the influence of
evapotranspiration and contamination may be present (e.g. chloride
and nitrate), resulting in a higher ionic content.

The sulfate was detected in both springs and wells, although several
samples were below the quantifiable limit of 5mgL~ 1. In wells, the
highest value was 18 mgL~! at P8, and in springs, concentrations
neared 26 mg L~ !, with the highest concentration at M7. In the case of
this anion, the influence of redox conditions in the aquifer should be
taken into consideration upon determining the sulfur species that may

Physicochemical characteristics of groundwater samples. Dry season (June 2012). (TDS: total dissolved solids, P well, M spring, MIN minimum, MAX maximum, CV coefficient of
variation, SD standard deviation, ql quantification limit, ql Fe = 0.0043 mgL~*, ql Mn = 0.0003 mg L~ ").

pH Tw Eh EC TDS ca?* K* Mg?* Na® HCO5~ 042~ cl- Fe Mn NO;~
°C mV uS/cm mg/L™ !

P1 6.75 19.5 281.5 677.0 535 34.40 8.93 17.70 84.03 283 < 5.00 96.58 0.19 0.01 5.04
P2 6.63 20.4 —99.4 793.0 672 36.57 7.35 22.97 85.72 424 7.26 83.05 4.18 0.22 0.22
P3 8.06 17.4 3.5 198.4 211 11.79 3.12 13.73 14.59 140 < 5.00 18.41 0.03 <ql 4.02
P4 8.38 20.2 —-151.1 212.8 223 12.13 3.06 14.27 16.17 152 < 5.00 18.41 0.36 0.06 1.06
P5 8.02 19.5 88.9 222.5 234 12.39 5.21 13.09 19.10 157 6.43 19.92 0.64 0.18 0.22
P6 8.53 24.9 161.0 217.2 226 11.93 3.95 11.63 19.18 156 < 5.00 16.16 0.02 <ql 2.30
p7 7.35 20.6 —-185.8 210.6 235 14.02 6.47 9.82 18.03 156 7.74 19.92 2.46 0.56 0.31
P8 7.29 19.2 -219.7 171.6 201 14.47 5.33 9.21 11.91 132 13.34 10.52 2.32 0.36 1.94
P9 7.82 20.0 230.4 205.6 212 13.93 3.18 12.94 10.89 155 < 5.00 9.02 <dql <ql 1.55
M1 7.59 17.2 29.8 183.1 197 11.48 2.92 12.79 13.55 128 7.66 16.53 0.02 0.01 4.37
M2 7.10 15.5 50.9 137.4 179 8.69 2.57 9.44 13.57 117 < 5.00 17.66 0.02 <ql 4.77
M3 7.36 16.5 268.0 222.8 227 12.56 3.39 15.01 16.87 156 < 5.00 15.03 0.02 0.01 3.49
M4 7.63 17.4 245.8 159.2 173 8.34 6.03 11.65 10.42 115 < 5.00 13.53 <ql 0.01 2.96
M5 7.25 16.0 156.9 185.4 163 13.87 3.47 11.28 11.89 93 8.46 12.78 <ql 0.01 8.88
M6 7.81 16.2 257.0 175.6 193 12.00 3.15 12.64 14.08 127 < 5.00 15.41 0.01 0.01 3.36
M7 7.33 16.3 202.0 229.5 201 24.71 3.38 11.78 10.62 65 13.92 25.55 0.03 0.07 46.28
MiN 6.63 15.50 -219.7 137.40 163 8.34 2.57 9.21 10.42 65 6.43 9.02 0.01 0.01 0.22
MAX 8.53 24.90 281.50 793.00 672 36.57 8.93 22.97 85.72 424 13.92 96.58 4.18 0.56 46.28
AVERAGE 7.56 18.55 82.48 262.61 234 15.83 4.47 13.12 23.16 160 9.26 25.53 0.74 0.1 5.67
C.V. 0.07 0.13 2.08 0.71 2,5 0.53 0.42 0.26 1.05 0.52 0.33 1.00 1.76 1.67 1.95
S.D. 0.53 2.45 171.27 187.34 140 8.46 1.88 3.40 24.26 83.45 3.05 25.52 1.30 0.16 11.06
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Physicochemical characteristics of groundwater samples. Rainy season (November 2012). (TDS: total dissolved solids, P well, M spring, MIN minimum, MAX maximum, CV coefficient of
variation, SD standard deviation, ND not determined, ql quantification limit ql Fe = 0.0043 mgL~'; ql Mn = 0.0003mgL~ %, ql NO3~ = 0.20mg L™~ ', ql NO,~ = 0.01mgL™ %, ql

NH," = 0.01mgL™ ).

pH Tw  Eh EC TDS Ca?* K* Mg?*  Na* HCO3;~ SO04%~ cl- Fe Mn NO;~ NO,~ NH,* si Al
°C mV pS/em  mgL™!
P1 6.64 19.2 1885 686.0 550 31.98 895 1811 89.57 263.4  7.13 93.85 0.14 0.01 247 <gql 005 348 0.005
P2 653 21.0 -—1124 780.0 677 3529 7.45 2375 89.18 387.8  7.69 7396 412 026 <q <q 006 47.6 0.007
P3 743 17.6 78.0 1929 237 1152 298 13.64 1510 150.9 <500 11.24 003 0.01 3.23 <q ND 28.6 0.011
P4 758 188 —93.3 2074 266 11.46 3.02 1511 1690 170.0 <500 1297 039 0.07 049 <gql 010 353 0.001
P5 756 20.8 —2081 2135 270 11.40 505 1320 19.65 1629  8.68 1297 012 019 022 005 020 353 0.018
P6 7.90 19.7 744 1958 258 1129 417 1241 21.13 1695 <500 995 002 001 1.06 <gl ND 28.3  0.005
P7 745 19.0 —327.0 2158 289 13.24 7.06 11.40 2458 1850 7.71 1211 051 045 <gq <q 098 272 0.009
P8 650 22.0 —200.0 1920 259 1479 498 1019 1285 1561  13.59 9.08 193 038 <gq <gql 052 350 0.003
P9 849 16.0 256 1757 227 1272 3.25 1351 11.66 146.7 <500 1124 <gq <aq 314 <gl ND 252 0.005
M1  7.32 188 277.3 185.6 246 11.09 3.00 13.58 1426 151.0  8.86 1297 0.03 001 163 003 ND 29.8 0.028
M2 745 145 681 1249 204 835 239 943 1493 1200 <500 1297 002 <gq 177 <gql ND 29.6  0.006
M3 746 17.1 951 2136 267 1237 319 1567 1636 1642  7.64 1427 001 <gql 146 <gl ND 319  0.064
M4 741 160 408 151.1 207 867  3.09 1269 1257 126.6 <500 1038 002 <q <gq <q ND 327 0.006
M5 741 160 1003 1641 206 13.76 280 1223 11.60 1144  9.90 1341 001 <gql 3.54 <ql ND 242 0.010
M6  7.46 165 1.5 166.8 220 11.09 3.06 1294 1272 1435 <500 1124 002 <gql 155 <gl ND 241 0.013
M7 7.28 160 454 2322 200 2429 3.98 1224 1077 83.1 13.92 26.38 0.09 0.09 1255 0.02 ND 125 0.008
MIN 650 145 -2081 1249 190 835 239 943 1077 831 7.13 9.08 0.01 001 022 002 005 125 0.001
MAX 849 220 327.0 780.0 677 3529 895 2375 89.57 387.8  13.92 93.85 412 045 1255 0.05 098  47.6 0.064
AVE. 7.37 181 443 256.1 267 1521 4.28 13.76 2449 158 9.46 21.81 047 0.09 256 003 032 301 0.007
CV. 007 01 34 0.7 24 053 045 024 105 20 0.27 114 232 160 125 060 116 025 2967
SD. 049 22 1489 1889 133 804 194 337 2561 71.0 2.58 2481 1.09 015 320 002 037 746 0.015
be present (Appelo and Postma, 2005). 100
The silica content determined only during rainy season, and it
presented high concentrations nearing 30 mg L™ ', with a maximum
value of 42mgL~ "' at well P2. In this case, weathering processes in-
volving silicates would also contribute a portion of the cationic content @ D scason
in groundwater (Appelo and Postma, 2005; Halim et al., 2010; @ Rainy season
Sonkamble et al., 2012).
With respect to cations, the dominance of the sodium ion may be
highlighted both in water from wells and natural springs, with an
average value of 23mgL~'. Calcium has an average content of
15mg L~ !, while magnesium has an average of 13 mgL~ ' and po-
tassium of 4 mg L™ 1. These proportions of cationic content could in-
dicate water-rock interactions, whereby the weathering of minerals rich
in silica and sodium (e.g. Na-feldspars) would be prevalent, the co-
precipitation de Ca®* y Mg®* in minerals like clays (e.g. incongruent 80
dissolution of plagioclase to montmorillonite and kaolinite) or ion ex- /
change (Rahman et al, 2011; Sonkamble et al., 2012; Morales- 550
Arredondo et al., 2016). o\;?
Furthermore, for sample M7 a scenario of anthropogenic con- 40
tamination may be suggested due to infiltration of urban wastewater /
and/or from agricultural activities (Appelo and Postma, 2005). The 20
remaining samples present values that can be considered as a natural
background concentration in volcanic aquifers (< 6 mg L™ !; Koh et al.,
2009). In addition, the presence of NH,* (0.20-0.98 mg L.~ 1) was de- 80 60 40 20 20 40 60 80
tected in some samples that presented negative Eh values (P2, P4. P5, «— %Ca" — — %CI —

P7 and P8).

It is also important to highlight the presence of Fe and Mn in both
well and spring water. In wells P2, P7 and P8, concentrations ranging
from 0.5 to 4.2mgL~ ! were found for Fe. At the same wells, high
concentrations of Mn were observed (0.20 to 0.6 mg L™ 1. In the case of
springs, both ions are present at nearly all sampling sites, although in
lesser concentrations, with values ranging from 0.01 to 0.09 mg L.~ .

4.2. Hydrogeochemical processes

4.2.1. Groundwater types

A Piper diagram classified the water samples (Fig. 2), and the fol-
lowing four chemical families were differentiated: Mg-Na-HCO3 (ma-
jority of samples), Na-HCO5 (wells P1 and P2), Mg-Ca-HCO3 (P8, P9
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Fig. 2. Piper plot of groundwater samples of study area (P wells and M springs).

and M5) and Ca-Mg-HCO3 (M7). Likewise, based on the Piper diagram,
the chemistry of well water was found to be similar to spring water,
except at P1, P2 and M7; little variation occurs between dry and rainy
reasons. This overall homogeneity could indicate that the hydro-
geochemical processes contributing to the mineral content of water
have occurred under similar conditions remaining constant over time.

4.2.2. Ion ratios in groundwater
Relationships among physicochemical parameters were statistically
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Table 4
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Spearman rho correlation coefficients among the physicochemical characteristics of groundwater samples (n = 16, p < 0.05).

Dry/rainy
EC TDS Eh HCO;~ S042~ cl- Mg?* ca?* Na* K* Fe Mn  Si
EC 1
TDS 0.79/0.71 1
Eh -/~ /- 1
HCO; 0.65/0.69 0.95/0.96 1
S0~ 1
a- 0.64/0.55 0.58/— 1
Mg?* 0.68/0.50 0.58/0.55 0.58/0.55 1
Ca®™ 0.66/0.69 0.57/- 1
Na* 0.62/0.64 0.83/0.89 0.86/0.93 0.60/- 1
K* -/0.75 0.53/0.71 0.51/0.66 0.59/0.60  -/0.56 1
Fe -/0.68 0.68/0.65 —0.66/—0.48  0.58/0.64 0.67/- 0.50/0.52  0.63/0.57  /0.58 1
Mn -/0.64 -/0.55 —0.56/—0.51 0.73/0.61 0.52/0.23 /0.59  0.72/0.92 1
Si -/0.63 -/0.59 -/0.50 1

Coefficients are significant at the 0.05 level and those higher than 0.7 shown as bold font.

explored by generating a Spearman rho correlation coefficient matrix
for each sampling period (Table 4). If the coefficient (r) is > 0.7, two
parameters are considered to be strong correlated, whereas if the value
r is between 0.5 and 0.7, it indicates a moderate correlation at a sig-
nificance level p = 0.05 (Koh et al., 2009). Correlation analysis of the
parameters showed:

EC and TDS increases as HCO; ~, C1~, Mg®*, Ca® * and Na™* content

increases (r > 0.6), whereby this chemical property is determined

by the most abundant ions, which confer the characteristics of water
identified in the Piper diagram.

e HCO5™ content increases as Na™ content increases (r > 0.8). The
correlation of HCO3~ with K*, Mg®* and Fe is also observed, al-
though to a lesser extent (r > 0.5).

e In rainy season, silica content is correlated with HCO3™ (r = 0.63)

and also Na™ (r = 0.59) and Fe (r = 0.50). This correlation can be

explained by acidic hydrolysis of silicate minerals in volcanic rocks

(Koh et al.,, 2009; Halim et al., 2010; Rahman et al.,, 2011;

Sonkamble et al., 2012).

Specifically, in the case of Fe, it is possible to observe a positive

correlation with Mn in dry season (r = 0.72), also the strength of

this correlation increases in rainy season (r = 0.92). This correlation
confirms the common chemical behavior of both of these metals

(Stumm and Morgan, 1996).

e In dry season, redox potential of water decreases as Fe content in-
creases (r = —0.66); and Mn behavior is similar in dry
(r = —0.56) and rainy (r = — 0.51) seasons. This negative corre-
lation could be an initial indication that dissolved Fe and Mn are
under reduction conditions (Kazak and Pozdniakov, 2010; Appelo
and Postma, 2005).

e Correlation was not found between NO;~ and the rest of the eval-

uated variables, which is consistent with its assumed anthropogenic

origin; although this assumption may not be correct since it must be
noted that nitrate is present in low concentrations.

As evidenced by these correlations, several hydrochemical processes
may be identified as part of an initial approximation and should be
studied in detail.

4.2.3. Processes controlling groundwater chemistry

To assess the role of the dissolution mechanisms of carbonate
compounds (including the effect of CO,) and the role of alteration of
silicates, the relationship of HCO;~ to Ca®** + Mg®>* was studied
(Fig. 3a) to identify the prevailing processes (Rahman et al., 2011;
Biswas et al., 2012). In Fig. 3a data are grouped above y = 2x (dis-
solution of carbonates), indicating an additional contribution of HCO5~
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(and a reduction in cations due to ionic exchange). This could be related
to the alteration of silicates, oxidation of organic matter or respiration
of plant roots (Mukherjee and Fryar, 2008). However, considering the
characteristics of the study area (volcanic material), the most appro-
priate answer may involve the alteration of silicates, above all in
samples from wells P1 and P2. These are separated from the other
sampling points, indicating a distinct composition (and greater en-
richment of HCO3 7). In the case of natural springs, contribution of CO,
to water may be explained by mechanisms occurring in the soil, due to
oxidation of organic matter and/or respiration of plant roots.

In the Fig. 3b, the relationship of HCO;  to Na™ + K" is shown, and
this may also be used to verify alteration of silicates and carbonates
(Biswas et al., 2012). In this figure, the observation points tend to fall
above y = 2x. Meanwhile, sampling points P1 and P2 are located below
y = 2x and near y = x due to higher levels of sodium and potassium
(Fig. 2), and possibly indicating an intense process of silicate alteration
that could cause an enrichment of Na* and K*, as well as HCO; ~, due
to the effect of dissolution of feldspars with Na* and K.

In Fig. 3c, the relationship between Ca>* + Mg>* and total cations
is presented (Sonkamble et al., 2012). It may be observed that points
are located between y = x (total cations = Ca>* + Mg®*)andy = 2x
(total cations = 2[Ca®* + Mg?*1), with the exception of P1 and P2
above y = 2x. This distribution of points indicates that Ca®>* + Mg**
ions would originate from the attack of minerals rich in these cations,
such as alkaline earth silicate, and in the case of P1 and P2, from the
attack of alkaline feldspars, which would contribute Na* and K*. In
Fig. 3d (Na®™ + K™ vs total cations), it is observed that nearly all of the
samples are located above y = 2x (total cations = 2[Na™ + K*]), in-
dicating a lesser contribution of Na* + K*. Meanwhile, P1 and P2 are
located below the straight line, due to the contribution of Na* and K™
by alteration of silicates.

Wells P1 and P2 are distinctive due to their operation 24 h a day,
which may imply that groundwater is pumped from a greater depth and
distance. This is characteristic of an intermediate flow regime (Ortega-
Guerrero, 2009; Gonzalez-Abraham et al., 2012), which indicates a
prolonged residence time of water, enabling it to circulate through the
base of the aquifer largely consisting of andesites and leading to a
higher mineral content.

The presence of silica, bicarbonate ions (considering the correlation
of Si and HCO; is r = 0.78, Table 4) and Na*, K* and Ca®* in
groundwater may be linked with the incongruent dissolution of plagi-
oclases. For example, the dissolution of albite (which contributes Na™)
leads to presence of kaolinite (Eq. (1)), Na-montmorillonite (Eq. (2))
and/or gibbsite (Eq. (3)). These all have Al, which is highly insoluble
and tends to precipitate (Appelo and Postma, 2005). In addition, in-
congruent dissolution could occur with orthoclase (contributes K*) and
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Fig. 3. Bivariate plots of a) HCO5~ versus Ca®* + Mg?™,

10 a) 10 b) _+ b) HCO5™ versus Na* + K*, ¢) Ca®* + Mg?* versus total
P2 _\_ + 3 z cations, and d) Na* + K* versus total cations, to illustrate
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anorthite (contributes Ca® %), as is shown in Egs. (4), (5) and (6). Other
reactions with mafic minerals (Egs. (7), (8) and (9)) give place to the
presence of Mg? ™", HCO5™ and Si in groundwater.

To study the occurrence of incongruent dissolution, in Fig. 4 stabi-
lity diagrams of Ca-Al, Na-Al and K-Al silicate phases are presented
(Mukherjee and Fryar, 2008; Halim et al., 2010; Jalali, 2010; Jalali and
Jalali, 2016). Water samples are found in the stability field of Na-
montmorillonite and Ca-montmorillonite (Egs. (2) and (6)). Thus, albite

and anorthite would be unstable, favoring their dissolution and con-
tribution to the presence of both Ca®* and Na™ in groundwater. Ac-
cordingly, correlation of Si and Na* would be moderate (r = 0.61,
Table 4), although correlation of Si with CaZ™* is lower (r = 0.30,
Table 4). Meanwhile, orthoclase (microcline) tends to be stable,
therefore its dissolution would not be the main source of K* (supported
by low correlation between Si and K*; r = 0.43, Table 4). Based on
these data, the reactions involving the incongruent dissolution of albite
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Table 5

Mineral saturation index of groundwater calculated by PHREEQC (a: amorphous).

P1 P2 P3 P4 P5 P6 P7 P8 P9 M1 M2 M3 M4 M5 M6 M7

Mineral phase

-1.14
—2.06
—0.99
10.07

-2.39
—3.89

2.39

-1.03
—1.46
—0.88
-3.13
-1.27
-3.21

3.49
0.56
8.45
4.54
2.66
1.16
3.22

-1.10
-1.72
-0.95
—3.61
—-1.41
—-3.38

3.36
0.42
8.18
4.43
2.45
1.10
4.37
9.34
0.26
0.72

-1.25
-1.81
-1.10
—-3.31
-1.19
-3.73

3.32
0.65

8.00

-0.93
-1.21
—-0.78
—3.60
-0.15
-1.57

5.45
1.58

-1.26
-1.97
-1.11
—-3.61
-1.13
-3.75

3.35
0.55
8.00
4.34
2.42
0.95
4.81

-1.13
—5.94
—0.98
—3.28
-1.00
—2.61

4.23
0.74
9.33
5.20
3.31
1.51
7.10

0.07
0.69
0.22

—1.94
—3.43
-1.79
—2.96
-1.95
—4.54

3.32
0.02
7.69
4.47
1.86
1.04

2.

—0.84
-1.18
—-0.69
—13.48
-1.17
—3.47

2.92
0.70
8.01
3.99
2.29
0.87

—-0.45
-0.29
—-0.31
—-3.53
—-1.45
—-3.95

1.47
0.25
6.18
2.61
1.10
0.18
5.85

-0.80
-0.95
—0.66
-3.29
-0.74
—2.74

3.56
1.06
8.62
4.39
2.96
0.98
1.13
4.25
0.37
0.81

-0.79
—0.90
—0.64
—3.53
—2.40
—-6.22
-0.31
-0.78

3.38
1.06

-1.01
—-1.40
—0.86
—3.51
—-213
—5.24

1.14

-1.22
-2.01
-1.07
-2.99
-0.43
—3.48

4.48
0.88
9.04
5.25
3.12
1.28

-1.13
—-1.94
—0.98
—-3.05
-0.74
-3.79

3.

Aragonite

Dolomite
Calcite

—3.48
—1.66
—3.94
0.60
0.24
5.32
1.76
0.62

Gypsum
Albite

Anorthite

95

Ca-Montmori.
Orthoclase
K-mica

-0.37

7.46
3.94
1.48
1.14
4.05

—0.40

5.28
2.45
0.31
0.06

4.

0.67
8.78
4.94
2.72
1.24
4.73

10.79
6.08
4.61
1.82
4.47

4.28
2.46
0.89
3.69

Kaolinite

Illite

-0.99
-0.71
3.45
8.88

—-0.24

nd
nd

Gibbsite

48

—-0.98

0.03

63

-0.37

1.25
0.50
0.94

Goethite

—2.46
—0.02

0.43

10.70
0.26
0.71

10.91

10.31
0.37
0.82

10.31
0.37
0.83

16.19
0.25
0.70

6.96
0.35
0.79

13.68
0.28
0.73

11.22
0.32
0.77

11.45
0.38
0.83

Hematite

0.39
0.85

0.27
0.73

0.28
0.73

0.39
0.84

Chalcedony

Quartz

—0.89
—7.63
—0.86

—0.61
— 4.64

—0.61
—5.53
—10.92
—20.74

—0.48
—5.44
-11.85

—22.10

—0.50
—2.43

—0.51
-6.10
—13.96

—23.34

—0.61
—4.59

—0.60
2.77

—0.50

—13.03
—-13.96
—22.47

—0.58
—4.80
—9.68
—19.42

- 0.57
-1.29
-7.70
—17.46

—0.49
-2.35
-8.77
—18.75

—0.47
—5.78
—8.82
—18.94

—0.55
—6.53
—-9.73

-0.35

—10.59
—-12.35
—21.85

—0.48

SiO; (a)

—11.06
—12.47
—21.85

Chlorite(14A)

Forsterite

—12.38
—22.44

—11.87
—21.98

—10.02
—20.08

-5.79
-15.77

—10.32

—19.78

Ca-Olivine
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to Na-montmorillonite (Eq. (2)) and anorthite to Ca-montmorillonite
(Eq. (6)) would be mostly favored in this aquifer.

The results shown in Fig. 4 can also be checked by calculating the
saturation indices. Table 5 shows the SI values of groundwater. Water
samples were undersatured (dissolution) with respect to albite and
anorthite and oversatured (precipitation) with respect to Ca-mon-
tmorillonite, kaolinite and gibbsite. P3 and P4 samples were under-
satured with respect to orthoclase but other samples tend to precipitate
orthoclase. Water samples were undersatured with respect to SiO,
(amorphous) and oversatured with respect to quartz and chalcedony.
Therefore, possible sources of silica in groundwater include weathering
of feldspars and silica amorphous.

These results may be compared to those presented by several au-
thors. Halim et al. (2010) propose this process of silicate weathering to
explain the hydrochemistry of a detritic aquifer dominated by quartz
with some plagioclase and potassium feldspars and volcanic, meta-
morphic and sedimentary fragments. Parisi et al. (2011) studied a
volcanic aquifer using the stability diagrams and the saturation indexes,
and verified that the most waters fall in the kaolinite stability field,
proposing that the short interaction of groundwater with the silicates
minerals would produce kaolinite only. Morales-Arredondo et al.
(2016) studied a volcanic-sedimentary aquifer composed of basalts,
rhyolite tuffs, ignimbrite and alluvial deposits, and report the hydro-
lysis of anorthite, albite and orthoclase, and observe that the water
samples fall within the kaolinite and Ca-montmorillonite stability
fields. Moran-Ramirez et al. (2016) investigated rock-water interactions
in a volcanic system aquifer (a granular upper aquifer consists of pu-
micic and volcanic ash with interbedded basaltic lava, and a fractures
lower aquifer consists of basaltic —andesitic rocks) by using a model
equilibrium calculation. They found out that the samples are under-
satured to albite and close to saturation with respect to silica amor-
phous. Also, they found out that majority of the samples plot in the
stability field of kaolinite and some samples plot in the K-feldspar field.
For the Tenancingo Valley aquifer, all the waters fall in the Na-mon-
tmorillonite and orthoclase stability fields (Fig. 4b and c). A prolonged
interaction (with a low flushing rate and long residence time) of
groundwater with silicate minerals would allow equilibrium with Na-
montmorillonite (Parisi et al., 2011).

Upon characterizing processes involved in alteration of silicates,
ionic exchange must be considered due to its effect on the enrichment
or depletion of cation concentrations. In order to identify the possible
process of ionic exchange, the relationship between C1~ and Na™ was
first considered (Fig. 5a), as water was lightly enriched with Na*. Thus,
the Na*/Cl~ > 1 relationship may be interpreted as representative of
the weathering of silicates (alkaline feldspar) or a process of ionic ex-
change (Jalali, 2010). In addition, the differences between wells P1 and
P2 may be highlighted in this Fig. 5a. In spring M7, an anthropogenic
contribution may exist in the form of irrigation run-off or leaching of
wastewater, leading to the enrichment of chlorine in water.

Another means of verifying ionic exchange is by the graph of the
relationship of [(Ca®* + Mg?*)-(HCO5™ + SO4%7)] vs. (Na*-Cl7). In
this graph (Fig. 5b), Ca>* + Mg®* concentration is corrected by
HCO5;™ + SO427, to exclude the contribution of ions from carbonates
and silicates. Na* concentration is corrected by Cl~ to exclude Na™*
from atmospheric deposition (Jalali, 2006; Biswas et al., 2012). In
aquifers affected by processes of ion exchange, data represented in this
graph allows for the adjustment of the straight line with a negative
slope, suggesting the existence of an exchange process. To the contrary,
all data would group at the origin of the coordinate system. In this case,
a straight line with a slope of — 1.8 and a r* = 0.82 is obtained, in-
dicating that Na* + K* would be released and Ca®>* + Mg>* would
be fixed.

4.2.4. Processes controlling Fe and Mn solute distribution
The spatial distribution of Fe and Mn values confirms that their
greatest concentrations are found in the alluvial zone of the study area,
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which is also undergoing the most intense water exploitation (Fig. 6).
An intermediate flow occurs in this section of the aquifer, enabling the
dissolution of a geological matrix that may contain mafic minerals
(biotite, hypersthene, olivine Egs. (10), (11) and (12)). Under these
conditions, mafic minerals are then weathered due to the prolonged
residence time of groundwater.

To study this process, the IS of forsterite and Ca-Olive were calcu-
lated (Table 5). In well samples, the IS respect to both minerals fluc-
tuated between — 5.8 and — 12.47 to forsterite (undersaturated) and
between —17.6 and — 22.4 to Ca-olivine (undersaturated). In spring
samples, the extreme values of the IS respect to forsterite were — 10.1
and —13.6, and respect to Ca-olivine were —20.1 and — 23.3. This

data suggest the weathering of mafic minerals.

Once released Fe and Mn into groundwater from the geological
matrix, the presence of Fe and Mn in soluble form is conditioned by the
redox state, as shown in Fig. 7. A tendency for Eh to have positive
values (oxidizing environment) when the concentration of these ions is
lower may be observed, while negative Eh values (reducing environ-
ment) are associated with higher ion concentration. It may also be
observed that a reducing environment is detected only in wells (Tables
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2 and 3). To explain the importance of this factor, the conclusions of
Smith and Roychoudhury (2013) may be highlighted; they found mi-
neral dissolution in a reducing environment to be the most effective
process to affect the release of Fe, independent of pH.

Other factors may be considered, such as pH, presence of organic
acids (organic matter) or levels of salinity (ionic strength or TDS)
(Weng et al., 2007; Smith and Roychoudhury, 2013; Carretero and
Kruse, 2014). In the case of pH, several authors have shown that in
oxidizing conditions, the concentration of Fe increased with a decrease
in pH (Smith and Roychoudhury, 2013; Carretero and Kruse, 2014).

In addition, salt content of water has been identified as another
controlling factor (Weng et al., 2007), since water with high ionic
strength has greater concentrations of Fe and Mn. High ionic strength
indicates existence of anionic complexes with which Fe and Mn could
bond, resulting in a greater solubility of both elements. The relationship
between saline content and high Fe and Mn concentrations in water is
supported by the present case. In Table 4 a positive correlation of EC
with both Fe (r = 0.68) and Mn (r = 0.64) is observed.

In the speciation diagrams, it may be confirmed that Fe and Mn exist
in soluble form in water. In Fig. 8, it is shown that Fe and Mn may be

0.5)
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433,000
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Fig. 6. Spatial distribution of a) Fe, and b) Mn in groundwater of study area.
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dissolved in groundwater at pH values of 6.6-8.5 and at redox poten-
tials of — 0.2 to + 0.3 V. At neutral pH, concentration of Mn?* and
possibly Fe** may be influenced by other factors, including their for-
mation of complexes with bicarbonates and sulfates (if these have high
concentrations) (Homoncik et al., 2010).

In order to achieve information on the presence of Fe and Mn forms,
the ion speciation of these elements were calculated by PHREEQC. The
results show that Fe and Mn were dominated by free ions. Samples with
negative Eh have values close to 100% of the Fe? ™ free. In some of
these samples the presence of and Fe(HS), with values around 2% was
identified also. In samples with Eh positive, Fe was also identified as
Fe®* free, and Fe(OH)"* and FeSO, with values between 0.2 and 3%.
The Mn?* free was calculated to 100% of total Mn in groundwater.
These data match well with what has been suggested by the speciation
diagrams (Fig. 8).
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4.2.5. Anthropogenic processes

Content of NO3~ in water at springs M5 and M7 (8.8 and
46.3 mg L™ 1, respectively) for dry season is greater than that of wells
(average concentration of 2.5 mg L™~ 1y (Tables 2 and 3). This may in-
dicate that the groundwater receives a contribution of NO3;~ as a
consequence of the poor natural protection of springs from potential
sources of contamination stemming from agricultural activities and
domestic wastewater run-off.

4.3. Conceptual model

As a final result, a conceptual model was created and is presented in
Fig. 9 as a diagram of a hydrological section including two aquifer units
(detritic upper aquifer and volcanic lower aquifer), in addition to a
hypothetical framework for groundwater flow. The position of several
wells and their physicochemical characteristics are also detailed. Under
conditions of exploitation, the wells with intense extraction regimes
have a withdrawal of groundwater table level. At the location of wells
P1 and P2, there is a cone of depression.

This Fig. 9 may serve as a basis for highlighting the origin of dis-
solved ions and explaining some of the processes that determine the
physicochemical evolution of water in the aquifer, including the fol-
lowing:

® Anionic content of water in wells and springs is dominated by
HCO3;™, proceeding from chemical reactions produced by interac-
tion of water and gas (atmospheric CO,-soil-vadose zone), as well as
alteration of silicates (plagioclases and mafic minerals).

Lower concentrations of Cl~ correspond to the mountain-valley
boundary (young waters), increasing with time of transit through
the aquifer (increasing residence time) and reaching their maximum
at the discharge zone (central portion of the aquifer).

During water transit through the aquifer, enrichment of Na™ is
observed, reaching a maximum concentration at the discharge area.
Considering the dominance of alkaline rocks in this study area, this
ion may result from incongruent dissolution of sodium plagioclases,
as well as processes of ionic exchange.

Water extracted from wells P1 and P2 represents a mixture with
water of a higher mineral content, which is linked to an inter-
mediate groundwater flow. Dissolution of mafic minerals enriches
the groundwater with Fe and Mn. The reduction processes condi-
tioned the presence of Fe and Mn in soluble forms.

Although groundwater flows quickly through the fractured unit of
the aquifer, spring water also contains Fe and Mn.

Presence of nitrates was detected in both well and spring water with
a maximum of 5mg NO;~ L™ ! at P1 and 46 mg NO;~ L™ ! at M7.
The nitrate content of spring water may be attributed to anthro-
pogenic contamination (irrigation return flow, use of fertilizers,
leaching of organic residues, wastewater).

Fig. 8. Fields of stability for solid and dissolved forms of Fe
and Mn as a function of Eh and pH, for sample P7 of dry
season. System a) Fe-Cl-H, and b) Fe-Mn-Cl-H at 25 °C, with
I (ionic strength) of 0.000165 M.




M.V. Esteller et al.

Journal of Geochemical Exploration 180 (2017) 113-126

NW \5\/ E
r va !
Teneria
2100+ 2100
masl Tenancinao masl
2000 4 T 1 2000
19004 1 1900
*r |
B £ ¥
1800 4 1800
O Aluvial aquifer }  Localrecharge
? Yj°t')ca"'c material + Slow increase of CI
rban zone -
++ Fastincrease of CI-
1 Intensive groundwater withdrawal
0 wel
ID WELL P2 P4 P3 P7 P5
Elevation(m asl) 2028 2043 2043 2054 2068
Well depth (m) 150 200 100 200 200
Depth to GW (m) 38 47 15 80 43
Q(Ls*)/pumping time 52/24h 36/24h 60/1h 16/6h 4 [4h
Type Na-HCO, Na-Mg-HCO, Ca-Mg-HCO, Na-Mg-HCO, Na-Mg-HCO,
Fe [mzL?) 4.18-4.12 0.06-0.07 0.36-0.33 0.56-0.45 0.18-0.13
Mn (mzL+) 0.220.26 0.36-0.29 2.32-1.92 2.46-0.51 0.64-0.12

Fig. 9. Hydrogeochemistry framework along a transect of the aquifer. See Fig. 1 for cross section line location. See Table 1 for well data.

4.4. Human consumption and irrigation use

In this study, the complete set of physicochemical characteristics of
water, as outlined in Mexican drinking water regulations (NOM-127-
SSA1-1994, 2000), has not been evaluated. In considering this limita-
tion, water is apt for human use and consumption at wells P1 and P3
and at springs M1 and M6 (Tables 1 and 2). At the rest of the sampling
points, water should receive a treatment to adjust pH and reduce con-
centrations of Fe, Mn and NO3; ™, as necessary.

With respect to water use for irrigation, according to the Wilcox
diagram (Fig. 10a), the relationship between the percentage of sodium
and EC slightly varies between dry and rainy seasons, from “good to
admissible” in well P2 and from “excellent to good” in the rest of the
evaluated wells and springs. Water of well P1, in addition to having a
greater percentage of sodium than P2, is also at the limit of the “ex-
cellent to good” classification, and a slight increase in electric con-
ductivity may lower its quality to “good to admissible.” Based on this
classification, water may be used for agricultural irrigation throughout
the course of the year.

In the diagram from the US Salinity Laboratory (Fig. 10b), water
classifications vary slightly between dry and rainy seasons. In dry
season, 87.5% of the sampled points correspond with C1S1, 6.25% with
class C2S1 and the rest with class C3S1. This signifies that during dry
season, 87.5% of water has low sodium content and may be used to
irrigate any type of soil with low or null probability of creating saline
conditions. Of the samples, 6.25% with “average salinity” may be used
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for irrigating crops with moderate or low levels of erosion, yet the
majority of crops are nonresistant to these conditions without specia-
lized control practices. The remaining 6.25% may be used in soil with
good drainage and in salt-resistant crops.

5. Conclusions

The physicochemical characteristics of groundwater were evaluated
during the present hydrogeochemical study of the Tenancingo Valley
aquifer. The principal natural and anthropogenic processes that control
these characteristics were also identified. The conclusions of this study
may be highlighted, at following:

® In this unconfined volcanic-sedimentary aquifer, groundwater flow
circulates from the northern, eastern and southern boundaries of the
aquifer towards the central portion, which represents the zone of
greatest discharge (highest intensity of groundwater pumping).
After passing through the central zone, groundwater flows towards
the west.

Four chemical families were differentiated: Mg-Na-HCO3 (majority
of samples), Na-HCO;3 (wells P1 and P2), Mg-Ca-HCO5 (P8, P9 and
M5) and Ca-Mg-HCO3; (M7).

The HCO3™ parameter may be highlighted for its importance in the
processes that control the chemical composition of water, as anions
are dominant. The content of HCO5™ results due to the interaction of
water and CO, from the atmosphere and soil-vadose zone. In this
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Fig. 10. Classification of irrigation water based on a) Wilcox diagram and b) US salinity diagram.

case, CO, modifies the corrosive power of water and thus, its mi-
neral content.

The weathering of silicates is an additional process that leads to the
enrichment of the ions in groundwater. The reactions involving the
incongruent dissolution of albite to Na-montmorillonite and an-
orthite to Ca-montmorillonite would be mostly favored in this
aquifer and contribute in the presence of HCO; ™, Ca®*, Na™ and Si
in groundwater. Biotite, augite, olivine and hypersthene were pre-
sent in the geological matrix and could have served as a source of Fe
and Mg. The ionic exchange must be considered indicating that
Na* + K* would be released and Ca®>* + Mg>* would be fixed.
Data from this study suggests that processes of water-rock interac-
tion lead to the incorporation of Fe and Mn from the geological
matrix to groundwater; elevated concentrations of Fe and Mn ions
are detected in samples with negative Eh.

The redox potential values ranged from — 219 to 327 mV, indicating
the existence of reducing zones. Presence of Fe and Mn was detected
in both springs and wells; concentrations were higher in wells, ex-
ceeding 4 mgFeL™ ! and 0.5mgMnL™ 1.

The presence of NO3 ™~ of spring water could be an indicator of an-
thropogenic contamination.

Factors that influence the hydrogeochemistry of groundwater in-
clude the characteristics of water exploitation, residence time of
water, geological environment, redox conditions and the vulner-
ability of the aquifer to contamination.

Water in wells P1 and P3 and in springs M1 through M6 is apt for
human consumption and use, considering the evaluated parameters.
At the other sampling points, water requires purification to adjust
pH and decrease concentrations of Fe and Mn, as necessary. For
agricultural irrigation purposes, water at 86% of the sampling points
may be used without restrictions.

Based on this, if adequate criteria and parameters for managing the
Tenancingo Valley aquifer are not established, over time areas im-
pacted by presence of Fe, Mn and NO;~ will increase and gradually

generate a greater risk to public health and the environment.

Therefore, it is imperative to make a rational use of water in the
area, search for new sources of water supply and consider that treat-
ment of groundwater will become more expensive in the future due to
increasing concentrations of Fe, Mn and NO3 .
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