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Abstract. Generang knowledje to explain the dynamics and physicochemical characteristics of
groundwatelis essential to ensuiits availability for different usesTherefore in this article wepropose

an integrated methodology that may help to define the flow patterns goverminghdiiement of
groundwater in a semiarid region of Mexico. The methodology incorporates hydrogeochemical
characterization withthe application of flow systems theqryhe behaviar of arsenic and fluoride as
indicators of the quality for human consumptiamdaa correlation matrix to identify potential areas of
rechargedischarge these variables are grouped@eographic Information Systeni&lS). The results
explain how the movement of groundwater was influenced by the dissolution of silicatestheith
geodemical evolution of arsenigndertwo natural conditionishowever,in one ofthese conditionghe
mobility was facilitated by the presence of mining activitiehereadfluoride exhibitedtwo situations,

one natural and the other anthropogenic. Four dgetscchemical facies were manifested in three flow
patterns with a potential recharge zote the west of the study area, a discharge zonthe east and a
mixture flowing tothe northwestWe concluded that the proposed methodology represents a tool for
facilitating understandin@f the movement of groundwater.

Keywords: water quality GIS, rechargedischarge area, groundwatelynamics

Introduction

In recent yearsyorldwide accessibilityto groundwater has declined while pollution
has increased in suehmanner thagénsuringsustainable managemeam®tuiresresearch
onthe processes that determine the quantity and quality of groundwater systems, as well
as the potential impacts of its u@@arfias et al., 2010) In Mexico, the demand for
groundwater hagjrown considerablyit comprisesalmost 40% of Me x i avatétf s
consumption(CONAGUA 2012) In the Mexican state of Zacatecas, where samdi
conditions prevail, groundwater is the only permanent water socmeequently
groundwater flow delineation and precie mappingof different flow patternsis
important for managemerand planningfor different uses Groundwaterfollows a
complex rechargedischarge systemand its analysis is oftethe cause ofgreat
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uncertainty due to the lack data(Li et al., 2014), thebehaviar of groundwatecan be
affected by multiple natural factors, such as chemical reactions between water and soll
or sediments, biochenat reactions, the interactiotetween surface water and
groundwater, as well as human activiti€8hang et al., 2014) In this context
hydrogeochemical studies were conceived as a tool to understand groundwater systems.
Some of the most significant advances achieved in recent decades in this fiatd are
follows: defining of mechanisms in chemical reactsothrough thermodynamic data
evaluation the impravement ofanalytical techniques for the measurement of a larger
number of isotopes in small sampledgth low concentrations and finally, the
development of computational tools where numericadeling tedniques will
undoubtedly provide better interpretations of systems and reactions in groundwater
(Pierre and Plumer, 2012)arious of waterrock interactios mainly regulate the
chemical composition of groundwater in aquifeBxamples of this includethe
following: ion exchanges, redox reactions, dissolution, carbopageipitation and
organic matter degradatiqivandernbohode and Lebbe, 201@&youndwater chemical
properties depend directly on different procesbas occuiin the subsoi(Kumar et al.,

2011). Furthermore, groundwater is influenced &ythropogenic activities developed
within the watersheds overlying aquifers. Various hydrogeochemical studies have been
performed to identify geochemical processes #air relationship to water quality in
aquifers(Fehdi et al., 2009; Horst et al., 2011; Rasaouli and Seyed,.2011)

The characterization of groundwater quality regional groundwater bodies is
necesay to determine the potential for groundwater development as well as to predict
and controlpossible regional changes in groundwater quality due to groundwater
abstraction or other external influences, such lagescale irrigation or civil
engineering workGroundwater use may lead to conflicts of intesestich as from
sewageandindustrial waste productslisposal or agricultual needs which areapable
of altering groundwater quality and monitoring groundwateris an oRgoing need
(Jousma2006 Gbhadebo et al.; 2012n this context it is important to mentiothat the
measurementsof arsemc and fluoride become critical in the hydrochemical
characterizationof groundwater The presenceof total inorganic arsenic (As) and
fluoride (F) in groundwaterhas been observefrequently worldwide A high
concentration of As in watedestinefor human consumption usuallgauseshealth
problems Furthermorethe use othis water for irrigationcould cause problenis crop
production andn the food chain(EstradaCapetillo et al., 2014)Although there are
anthropogenic sourcesuch aghe use of aemical pesticides in agriculture and wood
preservationmost largescalegroundwatenccurrencéhave beendocumenteds having
geological origin. As from the reaction of oxided of sulphide minerals in
metasedimentary rocksvhich have greater variabilityof arsenic, with averages and
ranges somewhat higher than those of igneous and metamorphic rocks, shaigly
with mean values of 28 ppm alluvial basins quaternamngsults inhigh concentrations
in large areagApelo and Heederik, 2006ln the spedic case of F adverse effects on
human healtfrom high F concentrations have been revised by different researchers
(G- mez et al ., 20009, S u b. bhe F @0cénGrationdlues t hes ai |
that aregenerally associad with regional flow gstemsare proportionde to the degree
of waterrock interaction with fluorite (Caff andwith the residence times in aquifers

(Sung 2012)wherethe metamorphic rocks could have a fluorine concentratidr©0
ppm (regional metamorphismip more than 500@pm (contact metamorphism) and
wherethe original minerals are enriched with fluoritteoughmetasomatic processes
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(Brunt et al., 2004)Othersource of Fmay includesoil contaminatiorfrom fertilizer
and pesticide phosphateachingthe groundwatefDa e s st llg2609).

Authors haveprimarily used the Piper diagram to classify waterfacies This
methoddescribesthe main characteristics of groundwater flow in aquifers; through
this analysisit is possible to define the processes that contraleimss or decrease
of major ions concentrations such asodium (N&), potassium (K), magnesium
(Mg?"), calcium (C4&"), bicarbonate (HC®), sulphate (SO,%), carbonatgCO5*), and
chloride (CI). These parameters pernmtharacteriation of the groundvater flow
systems in aquiferssince discharge areagenerally tend to exhibit higher
concentrations than those in recharge areas due to the residence time and prolonged
contact of water with the geologic structure of aquif@arfias et al., 2013Andrace
and Stigter, 2011; Atkinson 2018ubba 2011; Gibrilla et al., 2009)A Geographic
Information System (GIS) can help in the hydrogeochemical characterization of water
in aquifers. It facilitates, through mapping, the analysis of water resources and
appopriate decisiormaking (Saidi 2011) A GIS is also a support tool in the
definition of possible recharge areas ainelquantification of surface water infiltration
with the construction of thematic magkumar et al., 2011; Tweed et al., 2007;
Shomar et la, 2010; Ahmad et al., 2011furthermorethere are several geostatistical
applications for estimaing other environmental variables, with recent kriging
applications used to evaluate the spatial distribution of groundwater quality

parametergAdhikary € al ., 2Férteifa; and Herreg2013) Geostatistics
have also been employed in the design of groundwater quality and hydraulic head
monitoring network§ Her r er a et -Farteiraetal2 2003} ; J Yne z

To evaluatehe groundwater quality arsbil chemistrywith ananalysis of majorand
minor ions and trace metals multivariate methodshave beenusedto understand
hydrological factors such as aquifer boundarigggundwater flow patterns and
hydrochemicatomponentgUddamer et al., 2014; Ksilet al., 2013)

In the specific case gfrincipal component analysis (PCAjaluable information
aboutthe mostsignificantparameters, which describe the whole data set, consisting of a
large number of interelated variablesare provided, thereby r@ering data reduction
with minimum loss of original informatiofMarghade et al., 2015).

The specificobjectives in this papevereto identify flow patterns with the definition
of hydrochemicalfades andwith the use of statistical techniques, evaluae the
geochental evolutionof As and F, to verify the qualityaccording to the norms difie
World Health Organization®f/HO) andrecognize the potential recharge zone with the
use of GIS,which combines maps of physicochemical parameters concentrations
(generatedvith the use of geostatistics).

Materials and methods
Study Area(SA)

The National Water Commission (CONAGUA) took several factors into
consideration (geopolitical boundaries, areas with high volume of wells, and
hydrological basins among othgte define 653jroundvater management unigeross
the countrycalled Administrative Aquifer (AA Thirty-four AA were proposedn the
state of Zacatecagwo of them are the Benito Juarez Aquifer (BJA) dhe Calera
Aquifer (CA), which arelocated in he centralsouthern regiomhere crop irrigation and
rainfed agricultureare the main economic actigs they are only aquifewith a
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hydrogedogy setting The SA is located in the Sierra Madre Occidental volcanic terrain,
which is within the southernapt of a regional graven structure thais itsorigin in the
Caleraendoheic basin,which ischaracterized by ephemeral streams that are dry most
of the year. The Zacatecas Mountain Ranggudes he Pilas Complex (maximum
elevation 2,700 na.s.l.) andhe Jerez Mountain Rangecludesthe Chilitas Formation
with a flat area (2010 ra.s.l.) inthe southcentralportionandarother flat area (2100 m
a.s.l.) in the nortliFig 1)
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Figure 1. Location of study area (SA)

Additiond significance includes the fact that 90 of the total drinking water that is
supplied to Calera, Morelos, and ZacateGamdalupe metropolitan area comes from
these two AA. Although several groundwater quality studies/e beerperformed in
the last twaty years, the delineation of groundwater flow patteamainsunknown.
Administrative regulation constrains additional water extraction to the actual total
volume (23x106 niyear) and water use change from irrigation to human consumption
should be takemto consideration

This area is considered semiar@hd the annual rainfall average is less than the
maximum potential annual evaporation. These regions are characterized by a scarcity of
water, withhighly erraticof rainfall distribution and dew torrential events. In this specific
case, there is intensive agricultural activity, which depends on the extraction of
groundwater. Commerce in the form of animal breeding is a complementary occupation in
the ZacatecaGuadalupe metropolitan arégan the othehand, in the last 30 years mining
activity has gained strength and hagureto havean important influence on groundwater
quality. With regards to industrial activity, thexee only &ew companies; however, two of
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thememployheavy extraction of growalwater The climate is serarid witharainy season

in the summer and an annual average air temperaturb. DfAIC . The rainfall
(20062015) ranges from 4lto 493 mm/year withpotential evaporation of up to 1990
mm/year, makingrrigation essenal for profitable agricultural activityThe climate data

were obtained from three monitoring stations (U.A. Agronomia, CECAZ aesaMle
Fuentes)ocated within the SAINIFAP 2015)(Fig 2).
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Figure 2. Habitats and surrounding

The plant species that redominateinclude desert scrubmicrophyll, which is
distributed from 2050 to 2540 metersf predominag | ynesduité andfiopunt i ao
(prickly peaj, among others. In the Sierra de Zacatecas also identified
characteristicspecific to theselevations sch asthe presence athamomile and cedar
which speciesoccupy very small areasindicating that these species are about to
disappearNatural gassland occupieseaty of 38 % of the SA, dominated bya grass
speciescalled fizacabnd which is associated #h thorn scrub The agriculturally
introducedvegetation(irrigated and rainfedpccupiesapproximately 50% of the SA
and includesrops such as beamgppersfodder and vegetables

The presence of different vegetatiwpeciesis determined mainly byhe type of
climate temperaturend rainfal] these two fadrs cause a dry weather period during
the initial months of the year and another that can be considered humid in the months of
June, July, August and Septembemen the rainfed agricultureoccurs irrigated
agriculture begins inthe months of Marcpril and may not end until October
(INIFAP 2015 (Fig 3).
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Geology and idrogeology

50.0 e
-=-Temp

In the basintwo types of aquifers are recognizexmhe of them consisof limestone,
conglomeratgsand piedmont deposits, whichsults inpoor groundwatermovemernt
the other aquifer consists of filling materials deposited in the valley, which is more
extensive anghossessegreater potential for produoth wells undegood transitivity.

The SA is heterogenedyscontained in the Basin Fill Sediments and the Tertiary
Fractured Volcanisedimentsit is hydraulically continuous between the ABJ and AC,

groundwater flow takes place from south to norteind the depth athe water table is

from 40 to 135 m below the surface. The central part is formed by permeable Basin Fill

Sediments lydraulic conductivity rangingrom 10-4- 10-5 m/s); hydraulic properties
for Tertiary Fractured Volcanic usitare unknown. Groundwater is unconfined
conditons, and the wells (96250 m deep) have been identifietainly tapping the
Basin Fill Sediments; the use of groundwater for irrigation is%8and human

consumption is 326 of the total extraction. Metamorphic rocks covering this system
form the oldest ufy there is a sequence of sedimentary rocks and volcanic rocks

interbedded. The principal geological features are shown basedaoMexican

Geological Survey SGM- (Fig 4).

The Calera horsgraven structure developeaver along stage during the Late
Tertiary and Early Quaternary; the normal faults have three main trends: i} Stmuth

i) NorthwestSoutheastand iii) NortheasSouthwest. They led the uplift of peripheral

Tertiary volcanic mountas, central area settlements, and the deposition of Hdlsin

sediments (alluvial material interbedded with tuffs) with a maximum thickness of 400
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m, as indicated by geoelectric surveys. From the Late Tertiary, the mountains
underwent a rapid uplift, the Tertiary Fractured Volcanic Unit is representdabeby
following: i) rhyolite lava flows with prphyritic texture with quartzsanidine and
plagioclase in a glassy matrix, biotite and clayaasaccessory and secondary mineral,
andii) tuffs and ignimbritesvith afelsic nature.
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Erosion from the mountains led to substantial transportation of clastic material

into the basin, thick allural and Aeolian deposits led #asin Fill Sedimentsand

the basdayeris represented bg Chilitos Formation (Upper Jurassic, métsdtic

and metandesitic pillow lava flowsand volcanesedimentary depositsin the
southwestrn SA, the Zacatecas Formation (Upper Triassic, volcanoiclasiw
grade metamorphic rocksj)n the southeastn SA, which is composed of
feldspathic wacke, mwdone chert and derete limestone lenses, accompanied by
basdtic lava flows, rare dikes and hydrothermal ke structuresand in theLas
Pilas Complexwhich is mainly composef laccolithic intrusions and bsdtic
lava flows, interlayered with fekpathic and lithic wacke, mudstone chert and rare
limestone these units outcrop northeast of t84, around Zacatecas Cityn the
case ofthe Las Pilas Complex, lavaflows are compsed of plagioclas,
clinopyroxene and rare quartduch asin the Zacateas formation, the alteration
developed chlorite, epidote, sericite and calcitgether with qude and calcite
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veinlets. In the westthere is the Francisco |. Madero massivephide deposits
developed in an island arc setting with intense minacgvities, which evolved
into theLas Pilas ComplexEscalonaAl c 8z ar et al ., 2014) .

Methodology

A groundwatersampling campaign was conducted id @vells (March 2013to
October2015). Knowing thatthe distribution of theswells in the study area is not
homogeneous, seventyvo groundwatersamples weretaken from Basin Fill
Sediments while the otherswere takenfrom different geology formatios of
Tertiary Fractured Volcanic Urst Sixty-sevenare usedn agricultural activities
and 24are usedor human casumption Themonitoring time periodvasa season
of the yearwhen extracton occurs for agricultural us@hisis a complete way to
analyse the behaviarr of groundwater becausehe field conditions created a
homogeneousampling of the total area extenin field analyses temperature )T
electrical conductivity (EC)and pH were included using an isolation cell to
prevent atmospheric interaction before measuremerdse takenand improve
electrode stabilitywas ensuredThe sanples were filtered (0.4% mmembrane
filters) and acidified (1% v/v HN®) in the field. Analytical determinations were
carried out in the Environmental Engineering Laboratory of he&onomous
University of ZacatecasThe major ionsC&", Na', K* and Md"* were analysel
with atomic dsorption spectrophotometrgThermo ScientificlCE AA 3300)
Chloride was determined by titration usiag AQNO3; and K.CrO, indicator. The
other anions were determinersing colorimetry, SQ,* by precipitation of BaS§)
N-NOsz with an automated cadmium dection method,and F by the reaction
between fluoride and a zirconiudye lake. SiQ was determinedwith the
spectrophotometric method. Total alkalinity as HC®as determined by titration
using HSO,, phenolphthalein and brasphenol blue indicatorsOnly trace
elements wereanalysed at Geology Institute of Autonomous University &an
Luis Potosi with the gae controls Calibrations for atomic absorption
spectrophotometry and automatedolorimeter were performed usingan
appropriate dilution standardnd both laboratory and international reference
material were used as checks of accuracy (4 sig@ddlitional control includes
the ionic balance;the balance lay beloW 6 %. All of the determinations were
conducted under the guidelines described in APEMWW 2006 and applicable
Mexican regulationgs 0f2015.

Data analysis

In the present studythe water quality parameters wer@nalysed using
Statistica7. Tie Pearson correlation coefficients were obtajnetich are very
useful for understandinghe man hydrogeochemicaprocesses in a groundwater
system.Additionally, a PCA was performed to reduce the number of variables in a
data set to a smaller number withdbe loss d essential informationThis is a
powerful technique that tries to explain theriaace of a large set of inter
correlated variables anthat transforns them into a smaller set ahdependent
variables (uncorrelated)The number of components t@tain in the PCA was
determined by the Kaiser criterion for Wwich only the components with
Eigenvaluesgreater than one areetained(Li et al., 2013).The geostatistical
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analysis was performed using kriging in the Geographic Information System
ArcGIS 10.0 this may be consideredan optimal geostatistical approach for
interpolation at usanpledlocations.lt is flexible andit permits the investigation

of spatial autocorrelation of the variables. One of the main advantages of kriging is
that it pregntsa possibility to estimatéhe interpolation error of the valuasidthe
regionalsed variable when there ae nd initial measurementgAdhikary et al.,
2010). This tool is a local estimation technique that provides the best linear
unbiased estimator of a studied unknowharacteristic Data analysis was
complemented with the softwaregquaChem2014whichis aprogram,designed by
Waterloo Hydrogeologiand containsa data basehat is fully editable with an
important set of data analysis tools for water quality. Specific functions contained
in this program areamong othersthe following unit conversions, ionic balances,
comparison and classification cfamples trend analysis and comparison with
international standardslhe integration of these tools allowsr definition of a
methodology to identify patterns of groundwater flow

Results and discssions

The basic statistidor the chemical analysis and field measurements are shown
in Table 1L Someparameters such as skewneapproximately0) and kurtosis (O
3), and very similar results ithe meanand medianindicatea normaldistribution
for a sample population. These conditions the caseof major ions suggest a
normal distribution foHCOs", C&* andK™; this was not trudor the other ions and
trace elementsThe dispesion of dahreflects the heterogeneity of th®A.

Table 1. Basic statistic of sampling points

Parameter Min Max Med Mean St Deviation Skewness  Kurtosis
Temperature (T)A C 18.7 34.1 25.5 25.65 2.74 0.07 0.99
pH 6.5 8.79 7.5 7.5 0.432 -0.60 0.92
EC 120.0 1480 4399 475.6 205.7 2.47 4.05
DS 496 1064 379.6 398.6 131.2 2.65 4.74
Alkalinity 108.8 2976  154.8 157.4 29.97 1.14 1.89
HCO3 1327 363.1  189.2 192.4 36.54 1.11 1.88
cr- 5.9 1489  15.36 20.83 26.9 3.99 5.68
SO 2.0 360 20.35 33.64 56.5 4.77 8.43
F- 0.4 22 0.868 0.949 0.411 1.03 1.05
NO3 0.0 9.7 2.15 2.38 1.78 153 1.64
ca™ 5.8 128.1 42 45.9 19.66 1.45 1.93
Mg** 0.2 87.8 5.43 11.07 15.37 3.16 463
Na 0.5 86.6  20.83 23.9 12.54 2.16 3.20
K* 1.4 17.95  6.38 7.06 2,905 0.50 1.10
SiO, 19.0 111 63.1 66.8 21.04 -0.02 0.49
TH cacoy 559  689.8  144.1 161.5 99.4 3.36 5.20
Sr 0012 0819 0142  0.2024 0.168 1.30 1.06
Li 0.003 0.604 0.03766 0.0501 0.0637 7.46 21.30
As 0.001 0.071 0.01024 0.0128 0.0094 3.07 5.78

EC=Electrical Conductivity, TDS=Total dissolved solids and TH=Total hardakgmrameters in mg/L (Except pH and T)

APPLIED ECOLOGY ANDENVIRONMENTAL RESEARCH14(4):645-666.
http://www. aloki.hu 6 I SSN 1589 1623 (Print) o
DOI: http://dx.doi.org/10.15666/ae&404 645666
42016, AL¥KI Kft., Budapest, Hungary

I SSN



NavarreSolis et al.integrative methodology for the identification of groundwater flow patterns
- 654-

The mean value concentration (mg/L) of thepresentative dominamnsin the
groundwater in decreasingrder, were as follows HCOs (192.4), C&" (45.9),
SO (33.64) Na' + K* (30.96), Cl (20.83), Mg?* (11.07) and NNO5(2.38).
With the exception ofluoride (F) and arsert (As), the parameters anasd in
this papemetthe standardestablished byhe WHO for human consumptiomhe
As values ranged between 02® 0.071 mg/L, with 48 of the sanples exceedg
the drinking water guideline e of 0.010 mg/LElevenof themare from wells
that provide water for human consumptiothere are nbstudies that provide
information of the degree ofdamageto health from using this groundvater.
Values above 0.010 gL in the eastwere mainly related to mining activities
where the presence of gphide was presentit can be commdy found in the
form of arsenoprite (AsFeS). However other areas with high natural
concentrations are associat@ih only the mineral canponentsof the geological
framework in the northwhere the quaternary alluvidhyer is present(Apelo,
2006)(Fig 5).

In the case of T the WHO establisheda maximum permissible valuat 1.5
mg/L. This value was exceeded in eight wells with a maximwihn2.20 mg/L.
Two of these wellsprovide water for human consumptiokVhile there is no
evidence of health problemthere arespecifically yellow spots in the teetf the
populationusing thiswater.Values above the permissible linfiaveoccurred in
the south where theres intense agricultual activity and the use ophosphate
pesticideis common practicethis situation has been occurririgr the last three
decades.The other zones the northweseérn area where water with sodium
characteristicexigs, which iscausingthesevalues of F, ashas been reported in
scientificliterature(Brunt et al., 2004; CarrilldRivera et al., 2002(Fig 6).
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Figure 5. Contours map of Arsenic (As)
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Figure 6. Contours map of Fluoride ()

On the other handhe Food and Agriculture Organization (FAO 2013) describes
different characteristics to classify irrigation water. Basically, three critegeae
considered: the salinity, sodicity and toxicity of specific ions. Two of the most
important parameters to datane water quality for irrigation arehe electrical
conductivity (EC) and the Sodium Adsorption Ratio (SAR) index. Witbsda
classification of water for irrigation following the norms of the Ur@s created afthe
Salinity Laboratory. The average ualwas 540 €¢S/cm for EC. Therefore, it is
considered low in salts. The SAR can be related to the salinity levels (as EC) to evaluate
possible problems of irrigation watekccording toFigure 7, agricultural productivity
in the SA is not affected by using water forgation (Rhodes et al., 1992)

Ancther parametethat is useful for measure the quality of water for domestic,
irrigation, and industrial uses is the total hardness. Public acceptability of the degree of
water hardnessnay vary considerably from one comamty to another. The threshold
for calcium iors is in the range of 10B00 mg/l, depending on the associated anion,
and the taste threshold for magnesium is probably lower than that for cattandmess
levels between 80 and 100 mg/L (as Cal&de genally acceptable in drinking water
and are considered tolerable the consumerln some instances, consumers tolerate
water hardness in excess of 500 m@hppa et al., 2013). Accordirtg the US-
Environmental Protection Agency (EPA)ater that contain®-75 mg/L CaCQ is
classified as soft, 7850 mg/L as moderately hard, 2300 mg/L as hard and300
mg/L as very hardFor SA the values obtained manifests characterisben soft to
moderatelyhard with a maximum value corresponding tcshallowextradion point (6
m). This was localized inthe Las Pilas Complexvhich is inthe eastThese results
indicate thathe groundwater dzsnot have problems abtal hardness.
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Figure 7. Classification of irrigation water of the SA

Hydrogeochemical characteation

In generalan increase in the concentratiafsmajor ionswith different patternshas
beenobservedIn the particular casef CI" (with mean of 15.36ng/L) it may have two
differentorigins One from atmospheric inputs (rain @€l concentréion less than 5
mg/L) in the southern region where tiggoundwater Clconcentration is less than 8
mg/L indicaing apossiblerecharge zoné/eynag 2014) The othewasfrom an internal
source derivedrom the movemenof groundwater from south to norttstghrough the
basin fill sedimentsThe higher valuein the shallow extraction point (6 nih the east
(148.9 mg/L) couldrepresent a discharge zorEhe same singularities occued for
SO (ranges from 2 t860 mg/L) with a higher value in theamezore of the SA. It is
the resultof the interaction of groundwater withsedimentary rocksaand massive
sulphide depositpresent in thevesern part ofthe SA. It alsoreflects the movement of
groundwater from west teast in the central part of ti$&\. For the ions,C&* Mg?* and
K* concentrationsould be related to alterations of silicaidiese alterationprobably
result from the disruption of biotite and the presence of pyroxenes origirfetimg
calcium withthe kelease of HC@ during silica hydrolysis.The minimum valus are
found inthe south andhe westof the SA, and he maximum valus arelocaedin the
central and nortlest zones Silica concentratioa occur almost entirelyfrom the
alteration of plagioclase arfdom some of the feldsparsvhich ae associated with a
considerable volume ahyolite rocks in this areaHowever,often the dissolved silica is
expressed as SOin most natural waters it appears aSid;. The Nd, which hasa
highest value of 86.6 mg/icomes from altering plagioclagerincipallyalbite, which is
located inthe northwest ofthe SA and possibly belongs t@ different flow system.
These chemicals proceaseexemplified in thdollows reactions

a) 2CaMgSiOs proxenet 4H" + 2H,0 Y 2Cd&* + 2Mg* + 2H,SiO,
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b) 2KMg3(AlSizO10) (OH); biotie+ 14H" + H,O Y 2K + 6Mg™* + 4H,SiO; + Al;Si,O5(OH)s kaolinite
c) 2NaAlSkOg apier IH0 + 2HCO; Y 2Na + 2HCO, + AlSi,O5(OH)s kaolinite+ 4HaSiO,,

The values of N-NOs concentrationreflect the effects of agrochemica used in
irrigation activities; concentrationsare undema maximum permissible level for human
consumption (10 mg/L) The different major ions proportions (in meg/L) the
groundwaterand their evolutionin the different geologysetting of the SA are
describedy the Rper diagram Fig 8). Groundwater chemical compositienclassified
in four hydrochemicalfaces In the south it is mainlyC&*-HCO;5, the predominance of
this facereflectsinfiltration of water in the fractured volcanic rocks that subsequently
flows through the alluvial medium with interbedded limestone (granular
undifferentiated) these results suggest low residence times. In the central pidue of
SA, there isan evolutionfrom Mg**-C&*-HCO; to Mg?*-C&*-SO*; thesephenomena
are associatedvith the transition fromacid rhyolite-tuff to andesiti¢c they may reflect
the presence dd flow patternwith moreresidence timesin the northward directign
thereare C&*-Na'-HCO; to C&*-Mg?**-HCO; andNa'-HCO; i to Na'- C&*- HCOy
evolutions indicatinga Triassicconglomeratdo alluvial transition Apparentlythe last
two evolutions are communicatedn the northeastn part of the SA, suggeshg a
lengthy and deeflow circulation

Facies

4+ A Ca-HCO,

« B MgCa-HCO; to Mg-Ca-SO,
4 C Ca-Na-HCO, to Ca-Mg-HCO;
« D Na-HCO,toNa-Ca-HCO,

Triassic conglomerate - Quaternay
alluvial transition

Rhyolite tuff acid
- Andesitic transition

Quaternay alluvial =~ «Geeseeree >

Triassic conglomerate - Quaternay
alluvial transition

Figure 8. Trilinear diagram of samples (Piper)

Correlation of paameters

The statistical relatiship between two or more variables may regmmet a
correlation matrix. is tool can helpn analysng the primary reactions that habeen
carried out in thevater chemistryanalysis(Li et al., 2013) ThePear sontos cor r el
coefficients were calculatedith the exclwion of temperatureand alkalinity using
Aquachem2014. Theesultsarepresentedn Table 2
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Table 2. Correlationparameters
pH EC TDS Ca®* Mg* Na' K* cr HCOs; SO F N-NO3z As Li TH SiO, Sr
pH 1 -0.090 -0.161 -0.168 -0.344 0.036 0.125 -0.264 -0.136 -0.239 0.247 -0.007 -0.210 -0.132 -0.378 0.324 -0.581
EC 1 0.824 0.765 0.657 0.203 0.069 0.717 0.438 0770 0.025 0314 -0.096 0.082 0.794 0.023 0.292
DS 1 0.742 0.706 0309 0114 0.739 0548 0.802 -0.030 0.314 -0.046 0.153 0.775 0.017 0.352
ca** 1 0.439 -0.105 -0.083 0.612 0456 0587 0.032 0.093 -0.163 -0.061 0.757 0.098 0.160
Mg 1 0.115 -0.036 0.757 0.160 0.890 -0.341 0.474 -0.013 0.005 0.872 -0.363 0.603
Na* 1 0.364 0163 0353 0.198 0.296 0.200 0.337 0.634 0.028 -0.115 0.217
K* 1 0.046 0.086 0.019 0.18 0.203 0262 0.153 -0.052 0.146 0.147
cr 1 0.202 0.697 -0.205 0.375 0.044 0041 0.795 -0.181 0.555
HCOs 1 0.169 0.212 -0.096 -0.040 0.422 0322 0.145 0.167
SO* 1.000 -0.182 0.493 -0.019 -0.006 0.871 -0.217 0.424
F 1 -0.005 0.057 0.307 -0.174 0.150 -0.297
N-NO3 1 0.207 0.049 0.358 -0.098 0.215
As 1 0.488 -0.054 -0.250 0.354
Li 1 -0.017 -0.236 0.320
TH 1 -0.224  0.529
Sio, 1 -0.407
Sr 1

Bold andunderlined indicateorrelation is significant at the A.Cevel (2tailed), only bold indicate correlation is significant at the A&l (2tailed)
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Somecharacteristics werebserved: i) TDSverestrongly correlated with all major
ions ¢ 0.700), exceptHCOs (0.548) and N& (0.349), which indicate the constant
accumulation of these ions in groundwater flafvHCO3 had correlation coefficients
less than 0.500 with Gsand Md"*, whichsuggest low dissolution and/or precipitation
of calcite and dolomite; it is reasonable to mention thesethminerals are not the
principal soures of these ion iii) TH was not correlated with HCQ indicating
permanent hardness) the correlation coefficient of Na Li (0.643) wasindicative of
a possible separate flow pattern within the groundwater moveraedt the low
correlation coefficient Na- CI" (0.163) revealethe poor influence of Hite dissolution
in the groundwater chemistry) the correlation coefficients of GIC&* (0.612) and Cl
- Mg ?* (0.757) could be explainesiith cation exchangeri) the correlation coefficients
of SO-C&* (0.587) and SQ*-Mg %' (0.890) could be ierpreted as possible
dissolution of gypsum and dolomitiherefore, silicates hydrolysis and cation exchange
in the presence of sphide deposit were the main chemical reactions in the groundwater
of the SA and vi) the case of - As and NNOs indicatedno correlation, denoting
continuous motion in different stage within the SA.

Principal Components Analysis (PCA)

The results othe PCA are showin Table 3 To reduce the similarity of the original
variable a varimax rotation was carried out. This & way to understand the
participation of the original variables more clearly (Elangbam et al., 201®se
resultsindicate thafour principal components or variable factors (\Wl@deigenvalues
greater than 1 and represet?0.724 % of the total variae.

Table 3. Principal Components Analysis (PCA)

Variable Factor 1 Factor 2 Factor 3 Factor 4
pH -0.150 0.017 0.777 -0.169
Temperature A C -0.267 0.427 -0.248 -0.423
EC( O6S/ cm) 0.823 0.093 0.089 0.406
HCO3 0.159 0.392 -0.029 0.789
cr 0.841 0.013 -0.199 0.155
SO2 0.913 0.022 -0.126 0.033
N-NO3 0.640 0.169 0.154 -0.462
F -0.196 0.512 0.444 0.221
ca* 0.620 -0.163 0.051 0.631
Mg?* 0.875 -0.024 -0.352 -0.042
Na* 0.164 0.861 0.028 -0.011
K* 0.148 0.478 0.339 -0.164
Sio, -0.136 -0.160 0.658 0.313
Sr 0.464 0.240 -0.669 -0.009
Li -0.060 0.829 -0.265 0.180
Eigenvalues 4.696 2.377 2.127 1.408
% Total variance 31.309 15.850 14.178 9.388
Cumulative % Variance 31.309 47.159 61.336 70.724

Significant variable per each compent (factorial loadings > 0.51)

The VF1 explaied 31.309 % of the variance; itwas charaterized bypositive
loading in EC,CI", SQ%, N-NO5, Ca&*and Md"*, which represeet the ion exchange
and the weathering of silicates mineratsoss the basifil sediments as suggested by
geochemical interpretation. It is important to mention that the influence of this factor in
the groundwater chemistoccurs primarily in th&A.
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In VF2, the identified parametersvere F, Na" and Li, exhibiting 15.850 % ®
the variance; this factowasinterpreted as an independent flow pattern, where the
groundwater is in contact with rocka the west of the SA with more relative
movement time, probably, as part of a regional flow system towards the northeast
that goes byond the study area. Something important to mention about VF2 is the
behaviarr of the temperature correlation (0.427); altgbuthis parameter did not
reachfactorial loadings (0.500)it may be related to the possible regional flow
mentioned above.

VF3 contains 14.178 % of the variance; it includlespH and SiO,, with a negative
influencefrom Sr. In the case of VF4, only the HEQs a parameter with influence,
indicatingthe process of silicate hydrolysis.

Determination of potential rechargelischage areas

The parameters the SA were estimated by ordinary kriginbhis dlowedthe
estimation of valuesn positions of interest from a linear combination of the
measured values representegispatial autocorrelations and provaieaformation
about tle spatial structure of a regionalized variable. For the development of
ordinary kriging equations, a linear, unbiased and minimum variastenation
was imposedThe maps of the spatial distributiari the analged parameters were
obtained for a regularrgl formed by nodeswhich wereseparated 50 m in both
the NorthSouth and EasiVest directions. Interpolation of water level data
measured at some wells suggests a westheast preferential flow; however,
through this type of analysis, it is not possibio distinguish some important
features such as separate flows that could be converging within the SA. It is
known that groundwater geochemistry evolution is usdéul identifying flow
patterns and potential recharge zones. In this assessthenesuls are discussed
in relation to the Chebotarev sequence that describes the geochediistater
evolution from recharge zones to discharge zones (HGOSO,? ~ - CI)
(Chebotarev 1955). He Chebotarev sequence analysis suggests a-sotteast
flow patern, with relativdy low residence time (sequence A), also a second flow
pattern of weseast direction with a larger relative residence time (sequence B)
where sulphate has substituted bicarbonate the Chebotarev sequencé&his
analysis demonstrated @itional evidence of a flows mixture withan
interconnection to two different hydrochemical faces at the central part of the
aquifer that converge in this zone with groundwater moving to the northeast
(Sequence C(Fig 9).

The values ofSO:* and CI in Sequence B are predominantly larger than for
those for Sequence A and C, this helped to identify different flow patterns as
proposed in the analysis of the geostatistical res#lig 10). The conceptual flow
patterns definition agrees with an increase afgoneters concentrations from south
to northeast and west to northeast, except for nimétegen for which the highest
values were found in the south, as explained above. It is clear that when
considering only water level data, the definition of differélows converging in
north within the SA could be missed. The information provided by the Chebotarev
sequence analysis aride presence of geological faukdsiggest that an important
local recharge may be occurring in the western piedmont and conditbns
discharge in the east of the SA.
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Figure 9. Differentiation of flow patterns (using the Chebotarev sequence)

Figure 10. Contours maps)aSulfateand b) Chloride

Conclusions

These esults show the importance of combining different tools that pasmito
understand the dynamics of groundwafBne analysisshows thatat some sampled
points thearsenic and fluorideoncentrationsvere above the maximum permissible
levelsestablished by the WH@r human consumptiorThe origins for botlparametes
were definedas follows: 1) anthropogenriomining activities for arsenic and the use of
phosphate pdéisides for fluoride 2) natural geologicalsetting suchas thealluvial
guaternarypasinthat facilitateghe dissolution of minerals containing arseandwhere
the presence fodiumbicarbonatevateris directly relatedo the presencef fluoride.
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