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Abstract

Water containing nitrate levels above 45 mg/l is not recommended for laemsmmption and its prolonged
intake is associated with various health conditions. In Merida city, Mekiemnly source for water supply
is a karstic aquifer, but the absence of sewerage and drainage nehatesit highly vulnerable to
anthropogenic contamination. In this work, the concentration and sgiatrébution of nitrate in the

Merida’s karstic aquifer were assessed by statistical and geostatistical techniques. The sources of nitrate
contamination were tracked by making statistical correlations between nitratetratioes and key ions; the
potential risk to human health was also estimated by using the HazardHiyieX total of 177 groundwater
samples were collected from the four water supply systems servingayiéuring 2012 and 2013. Nitrate
concentrations from collected samples varied between 15.51 and 70.61ithgthaximum and minimum
concentrations per sampling point ranging from 47.47 to 70.@llamgd from 15.51 t017.32 mg/I,
respectively. Significant positive correlations (P < 0.05) between nitrateshiordles, sulphates and
potassium were found, which may indicate potential contamination fromsticra&astewater and
agricultural activities. The spatial distribution of nitrate concentrations in thieagevealed an increase in
nitrates following a trajectory SouthNorth West, towards central and northwestern zones within Merida
Metropolitan Area From the health risk analysis, it was found that infants exposedrantuitrate levels
are at a higher risk (lghx = 1.40) than adults (HR<1.0) and therefore, there is a clear neieapfementing

effective strategies to protect groundwater quality and to better manage antritatepollution sources.

Key words: Nitrates, groundwater, drinking water, karstic aquifer, spatial distributeadth risks.
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1. Introduction
In different regions around the world, environmental or quality-relatgdr shortage is associated to poor

water quality caused mainly by rapid economic development and urbanizatioh,in return affects the
possibility to achieve sustainable socio-economic development, particularlerfgiagneconomies and
developing countries. In Latin America for instance, 70% of the watetisdfo urban settlements returns
to the environment without treatment, which affects not only the qualitsatdr in rivers and coastal areas,
but also increases public health risks to the resident population (mathly poor) and causes billions to be
lost in economic activities including tourism and real state revenue (World BahR). Therefore, there is a
clear need for developing science-based strategies integrating the water cyslestaithable socio-

economic development for integrated water resource management and goernan

Mexico has a current population of about 125 million people and it has beértgutdbat by 2030,

communities residing in 12 out of their 13 hydrological-administrative redidARs) will be affected by

water shortage. (Semarnat and INE, 2006). The Yucatan HAR, comphisihexican states of Campeche,
Quintana Roo and Yucatan, has a higher availability of water resource3 (i#/person/yr) when compared

with the national mean (4,210 person/year) (Semarnat, 2008); however, their entire population (&ptox.
million) mainly relies on groundwatasthe sole source for water supply (i.e., domestic, industrial and
agricultural uses). This aquiferagoastal and karstic aquifer and hence, it is highly vulnerable to natural and

anthropogenic contamination (Gonzalez-Herrera et al., 2014).

In the City of Merida, the capital of the Mexican state of Yucatan, groundigagiracted from deep wells
using pumps installed at 20 to 30m under the water table and conductedacethwater treatment works for
disinfection with chlorine gas, as the only treatment process before distnitaithe consumers.

The City of Merida lacks of integrated sewarage and drainage netwuatkgastewater management is
mainly providedn-situ or in decentralised wastewater treatment systems, but regardless the alt¢neative,
final disposal is always via a direct or indirect discharge into the aquifeanlastewaters are commonly
disposed through privately-owned individual septic tanks followed fiyrétion wells causing a scattered
contamination of the shallower groundwaters (Graniel et al., 1999); soméoskighds with large,
community septic tanks have added small sewage treatment units talpeléigrality of their effluent before
discharge into the aquifer (i.e., activated sludge with nitrification and édtioh) There are very few
wastewater treatment systems in Merida (i.e., 24 at the most) servirtposing developments mainly
located outside the outer ring road of the city, but the majorityeofi thre currently underload and do not
make a significant difference considering the fact that there are more thaigbbarhoods and enclosed
urban developments (Seduma, 2010; PIDEM, 2012).

Nitrate is an important parameter in assessing groundwater pollution fifosediources and has been used

as a surrogate indicator to determine groundwater vulnerability to contamifiateoms and Maidment,
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1995). Nitrates are used in the formulation of industrial fertilizers and canlatie from the oxidation of
ammonium and other nitrogen compounds found in wastewatees/ HElve adverse effects on human health,
mainly causing methaemoglobinaemia in infants but also in pregnargmwana the elderly (Sajil et al.,
2014) and hence, their concentration is limited in drinking water. Besigktmemoglobinaemia, it has been
mentioned that the consumption of water contaminated with nitrate may Gatse gancer, multiple
sclerosis, Non-Hodgkin lymphoma and thyroid gland hypertropihgng other health conditions (Suthar et
al., 2009). The World Health Organization (WHO) has set a guideline valadrfte in drinking water of

50 mg/l as nitrate ion, which is based on epidemiological evidence for metgiabimaemia in infants
resulting from short-term exposure and aiming at protecting bottlefimoténand other equally vulnerable
population groups (WHO, 2011). In Mexico, the Secretary of Healtisbasd the corresponding Official
Mexican Standard (OMS) limiting the presence of nitrates in drinking water &xianoim permitted value of
10 mg/l as nitrogen-nitrate (NO3) or 45 mg/l as nitrate ion (NQ (Secretaria de Salud, 2000)

Nitrates have been previously monitored in the karstic aquifer of the Me&tasan of Yucatan. During the
period 19831986 water samples from eight shallow wells in a rural area of the northermariuéaninsula
were collected and processed for nitrate anal€i¥; of the 380 collected samples reported nitrate
concentrations above the current maximum permitted value (>45 mgif)lyrm highly populated areas
(Pacheco and Cabrera, 199 southern Yucatan, a typical agricultural area, 12 wells usesdfi@r supply
were also monitored from the period April 1992 to March 1993 (Padtestlo, 2001). In that study, nitrate
concentration ranged from 7 to 156 mg/l and in three particular witstes concentration was also higher
than 45 mg/l, which was attributed to intensive use of inorganic nitregglizérs. Such finding are in line
with previous studies reporting that the presence of nitrates in groundwatsz caused by several factors
including infiltration of domestic wastewater, the use of chemicals folegarg and the practice of periurban
agriculture (Lawrence et al., 2000; Rao, 2006; Obeidat et al., 2007; Martirlg2614). In the Mexican
State of Yucatan, several authors studying groundwater quality haveoalfirmed that nitrate
concentrations are caused by similar factors (Gonzalez-Herrera et al., 28di¢] €ral., 1999; Pacheco and
Cabrera, 2013).

Despite previous works reporting nitrate concentrations in the karstic Yucatéer asjuch information has
not been analysed or reported by using Geographic Information Sy&88) Groundwater quality studies
trough GIS constitutes an important tool for data analysis and tdieflgccommunicate research findings
not only among those who have the duty of managing wateunesoand to protect water supply sources, but

also to the general public and groundwater users (Hoover et al., 2014).

Considering that the presence of nitrates in water supply sources paseaic public health risk and that
previous research works have identified high concentrations of nitrates lsarst aquifer of Yucatan, this

work will be aimed at determining the spatial distribution of the potential hine@lth hazard index
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associated to the consumption of drinking water contaminated with nitrateslifexican State of Yucatan

and in particular to those residing in the City of Merida. Althoughrésearch work is based on existing and

well-known methodologies, its novelty comes from coupling envirotahgnoundwater quality data with the

assessment of quantitative chemical risks in a vulnerable aquifer in Latin Americapikdseekthat the

outcomes of this work could help to develop effective strategies for integvatedresource management,

particularly by providing scientific evidence for decision and mameage of groundwater sources used for

drinking water supply.
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Fig. 1. Map of the study area and location of drinking water supply wells.

2. Materials and methods

2.1 Study Area

The State of Yucatan is located on the Southeast of the Mexican Reputiie North Central part of the
Yucatan Peninsula. Islimited by the parallels19°31'46" and 21°37'21" N and the meridian2®82y
90°24'22" W, with an extension 48,577 knf (INEGI, 2002) The capital city, Merida, is located the
northwest of the Yucatan Peninsula and is 35km far from thstebthe Gulf of Mexico (Fig. 1)Merida’s

aquifer is highly vulnerable to pollution sources due to its typicaldigdical characteristics including: a)

free aquifer with a water table depth betw8emnd 9m b) coastal aquifer, with a distance of ab86km
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from the coast to water-supply wells; and c) a karstic undergroithcilundant cracks, crevices, hollows,
caves and sinkholes (Pérez et al., 2008; Herrera, 2012; Sosa, 2014).

The population in the City of Merida has increased f&&®819inhabitants in 199@ 777,615 in 2010,
following a linear population growth during this perio&.9957; population growth rate @f,270
hab./year)The increase in population has an impact on the water demand, considatithg taverage daily
water consumption per capita in the City of Merida is 285 liters. For its wap@ty, the City of Merida has
three main water treatment works (Merida I, Il and IIl) and 37 -utb@an wells (see Table 1). The¥éwells
are part of a decentralized water supply network (Back-up water supllgystem) aimed at distributing
drinking water to neighborhoods and suburbs located far frorméie water treatment works, where water
pressure is too lowThe entire water supply system is managed by the Drinking Water avedz®e Board
of Yucatan (JAPAY), which belongs to the Yucatan State Government. In aglthiéoe are 112 privately
owned water supply systems serving new housing developmentsdazaside of the outer ring road in
Merida (PIDEM, 2012)

Table 1
Characteristics of the water supply system serving the city of Merida.

Water treatment works Location Area Number of wells, flow rate Serving area in Merida
(Ha)  (ljs)
Merida [ Southeast Merida, Cuxtal Reserve 625 24 wells, 1200 1/s Center and South
Merida I Southwest Merida 72 10 wells, 500 1/s South and West
Merida IIT East Merida 316 4 out of 17 wells, 700 I/s. North and East
Backup water supply well system (intra- Distributed in the central part of Merida - 37, Variable flow rate Center
urban wells)
Independent water supply systems Recent housing developments (outside of city's outer -.- 112, Variable flow rate Outside of the city's outer ring
ring road) road

Source: Modified from PIDEM (2012).

The main zone for groundwater extraction is in the Merida | water tegaitworks, with a total production
rate of 42.3 hrhper yearwhich represents 48% of the total groundwater extraction to the City adder
(Gobierno del Estado de Yucat@911) Merida | has been in operation since 1966 (Irigoy&7,0) The
chemical characteristics of the groundwater extracted from wells wlithimetropolitan area of the City of
Merida have been reported as suitable for water supply, accordirgrmatimum accepted values set by the
Official Mexican Standards for drinking water (Secretaria de Salud, 2000), inblodes parameter suels
total hardness, sodium, chlorides, sulphates, pH and total dissolved altitidsgh nitrates values have
reacteda maximum value of 70.61 mg/l, while above the acceptable limit of 45 friggl groundwater also
contains carbonate hardness mainly related to calcium bicarbonates or to a raenbedigium and
magnesium bicarbonates, with no evidence of salinity due to over exploitaSeawater intrusion (Rojas et
al., 2014).

2.2 Groundwater sampling and chemical analysis
Two water quality surveys were conducted, on2dh2and the other i2013 which coincided with periods

of low water table in the aquifer. Sampling points corresponded to weltedoicethe three main water
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treatment works (i.e., Merida |, Merida Il and Merida Ill sys$¢ and in the back-up water supply well
system (i.e., 177 sampling points in total), see Figure 1 and Tal# the selected wells were
geographically located using a GPS device (GPSMAP 78S, GARMIN). Groundaatetes were collected
at the inlet point of the water treatment works and always before entiegichlorinating system, by keeping
the corresponding pump working on its own and by letting the itateuntil a representative sample of the
aquifer was collectedVater samples for nitrate analysis were preserved on site by adding concentrated
sulfuric acid until obtaining a pH lower than 2, and stored at 4°C untiiatlresponding analysis was
conductedIn the laboratorynitrates and sulfates were determined by using spectrophotometric techniques
bicarbonate and chloride by titration; and calcium, magnesium potassiuracinch $y atomic absorption
spectrometry techniquesllAhe analytical methods followed the methodologies described in the Standard
Methods for the Examination of Water and Wastewater (APHA €2@05)

Table 2
Nitrate concentration in water supply wells: descriptive statistical analysis.

System Number of samples Mean, mg/l Median Standard deviation Minimum, mg/l Maximum, mg/l
Merida [ 50 18.97 18.63 111 17.32 22.86
Merida 11 19 18.92 19.54 2.83 15.59 26.09
Merida IIl 36 2157 19.02 7.59 16.04 47.71
Intra-urban 72 36.71 33.47 14.13 15.51 70.61
All systems 177 26.71 20.38 12.77 15.51 70.61

2.3 Statistical analyses

Non-parametric methods were used to prove the hypotheses of svanmeng temporal-spatial evaluation
for water supply systems given that raw data did not followed aataistribution. The Kolmogorov-
Smirnov test was applied to prove the temporal evenness hypothesis. Baélsisdresult, the nitrate
concentration analysis was performed using a non-parametric Kruskal-¥faligsis of Variance (ANOVA)
for the four water supply systems. The null hypothesis of @sswas rejected if the P-value obtained was
lower than 0.05, concluding that there was a statistically significant diffeneiise median nitrate in each of
the systems with a 95.0% confidence Igeed0.05). A box and whiskers plot was produced in oraesttow
any statistically significant difference between median values (Miller and Mib&8)

2.4 Geostatistical analysis
Geostatistics comprises a series of mathematical and statistical tools to andlprediet the values of a
variable distributed in a continuous form through time or spads.prédiction could replace or compensate

for the insufficient information from maps (Delgado et al., 2010).

In general, the specific variable is measured through data points, dédhioit completely cover the study
area and an estimate of the unmeasured sites is redliredreation of a continuous surface can be done
using various interpolation methodologies, such as deterministic afmdsticanterpolation methods.

Therefore, it is expected that the values of the stixfiriables from nearby sites will be more similar than
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the ones from farther sitel® other words, there is a degree of spatial dependency, or self-comedatiba
spatial continuity among neighboring sites (Isaaks and Srivastavg,B@88ugh 2001)

An experimental semiariogram describes the relation between the study variable’s variance and the distance

between sampling and predicted points (Hernandez-Stef&if@)

The semivariance’s (Eg. 1) according to (BurrougBP01)is:

Ly N7 (%) — Z(x; + )Y Eq. 1

Y(h) = 2N(h) =1

Wherey (h) is the semi-variance of the sampling sites separated by a distét(gg are the sampling values
at points xi with data in xi and xi+h; N(h) is the number of paired dgtarated by an h distance. The
inverse distance method of interpolation combines the notion of vicirtitystéady change and integrates the
mathematical model (semivariogram), which describes the spatial variation.thisiestimated information
(GS+2006), the variable distribution maps were created with Surfer sofi@uanfer, 2002).

2.5 Nitrate relation with selected hydrochemical parameters

Correlation coefficients between nitrate concentrations and chlorides, potassisniprades were
calculated to determine the potential pollution sources and factors controllingseage of high nitrate
concentrationsn the Merida’s aquifer (Sajil, 2014; Rao, 2006; Redd¥)14) The analytical precision of
chemical analyses was verified by conducting a ionic baleneceqg/l (Deutschl1997) the resulting

observed error was lower th@fo for all processed samples.

2.6 Nitrate health hazard assessment in drinking water supply sources

The health hazard assessment consisted of determining the tolerability ektfaeed by the population
exposed to nitrate content from groundwater used in supply systemerd characterization consisted of
determining the Hazard Indek k), which is an indicator of the existing risks from consumiigivan
substanceThe individual risk of developing a negative effect becomes higher #iengalues of HIThis
relation is named HI by the Environment Protection Agency ®¥§EDiaz-Barriga, 1999). The Hl is
determined based on the Ingested Dé3¢ 4nd the Reference Dosef[R (Eqg. 2). The latter is defined as the

concentration of a substance with no toxic effects on the individuabodetermined period of time.
IngestedDosgmgkg/d)

HI (Hazard Index) = Eq. 2
ReferenceDose(mg/kg/d)

The Ingested Dose (ID) of a substance is calculated with Eq. 3 (USBBPB), 2
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__ CXIXEFXED
T BWXAT

ID Eq. 3

Where C is the average concentration of a hazardous substance ifmgtgr is the water volume daily
intake (I/chy); EF is the exposure frequency (days/ye&l is the exposure duration (yearBW is the body
weight of the exposed individugtg); andAT is the average time of exposure (ED * 365 days/year).

To apply Equation 3, the exposure duration (ED) was set to be the t@aluinng which the water supply
systems have been operating with an exposure frequency dag65As a result, the quotient was equal to
one when divided by the average tinke}.(4), that simplifies Eq. 3.

CxI
ID = — Eq. 4
BW

Water intakg(l) values for adults and bottle-fed infants were assumed to be 2 anld@$gectively; while
body weights (BW) were assumed to be 70 and 4 kg, respectizlyalues were calculated accordingly. In
addition, a Reference Dose (Rfof)1.6 mg/kg/d NNOs equivalento 7.088 mg/kg/d oNO5 was used. If
the quotient value equals or exceeds the unit, a hazard level of non-cangintogic effect exists and must
be addressed immediately (USERA13)

3. Resultsand discussion
The number of samples of groundwater collected from the four wadplyssystemgMerida |, Merida Il,
Merida Ill and Intra-urban) during the two periods (2012 203) were 177 and the resulting descriptive

statistical analysis for the corresponding nitrate concentragi@msesentedn Table 2.

3.1 Nitrate levels in water wells: statistical analysis

The mean, median and standard deviation for nitrates in groundwatgdesamllected from all sampling
points during the two-year period were 26.71, 20.38 and’18d/l, respectivelyThe nitrate concentration
for all sampling points ranged between 15.51 and 70.61 ighn be observed from Table 2 that the
highest mean and median values were found in the intra-urban wellser@mg the standard deviation, the
most even values occurred in Merida | and Il with 1.11 and 2.83 yaksgectivelyHowever, processed
data from Merida Ill and the intra-urban wells reported higher variability orresponding figures of 7.59
and 14.13, respectively. Minimum and maximum values for all th@lean(15.51 and 70.61 mg/l ND

coincided with figures found in the intra-urban wells, justifying théih variability.

These concentrations indicate the presence of nitrates contamination levels sifiglaetoreported

internationally and in Mexican States (Schma006) Nitrate concentrations in non-polluted surface and
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ground- waters vary frofdto 18 mg/l In the Yucatan Peninsula, the estimated background value is 13.6 mg/l
as mentioned by Torres (2010) and cited by Gonzalez-Herrera et al.).(2014

During the period from491to 1993, a study conducted by the British Geological Survey, the School of
Engineering at the University of Yucatan and the National Commissidater reported that nitrate
concentrations in two of the four water supply systems reportiisimork(Merida | andl) were lower than
22.15 mg/l. Similarly, shallow wells had nitrate concentrations betwe8ra#d.132.9 mg/l in the central
part of the City of Merida, corresponding to the most populated aregaarms from 17.720 44.3 mg/l
towards thesity’s outer ring road (Trafford et al., 1994y 2003after hurricane Isidore, nitrate
concentrations in supply wells were measured and dispkgoncentration range betwethand 31 mg/l
with a mean value of 16.82 mg/l (Pacheco and Cabrera, 2Zl¥d&e concentrations found after hurricane
Isidore were potentially caused by the recharge of the acquired éollbwthe corresponding dilution effect
due to heavy rainfall(353.1 mm of rainfall in 36 hours; GERPY, Personal communicgati®hat maskd

the potential effect of population growth, discharges from septic tankgeitriertilizer use, and swine and
poultry farm discharges.
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Fig. 2. Temporary evolution of nitrates in water well supply.

In order to analyze the temporal behavior of nitrate concentrations{oetsterm effect)additional data was
gatheedfrom previous studies to represent the period 2003 - 2011 (Paclhédo 2D08; 2013). Nitrates time
series shown an increase in the average nitrate concentration for wells B #hdne Merida 1l water
treatment works which shifted from 10.23 mg/l in 2003 to 1884 in 20122013(Fig. 2). In a previous
study, Trafford et al., (1994) reported a concentration of nitrof§dmg/l in Merida 1l that clearly
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demonstrates a steady accumulation of nitrate in the Merida’s aquifer at an average rate of 1.6 mg/l/year and
supports the hypothesis that anthropogenic activities are consistepéygting groundwater quality in the
region. The increasing trend of nitrate concentration in groundwater iscatgoon in other countries like
India, Jordan and Palestine, where sanitation and wastewater treatmentea/poay (Rao2006 Obeidat

et al., 2007; Anayah and Almasri, 2009).

The frequency distribution of nitrate concentration is presented in Figw&as found that 56% of the
resulting data had values below 22.5 mg/l, 33% were between 22.5 amgll4ihd 11% of the samples
exceeded the maximum acceptable limit of 45 mg/l. Values from the midd]@2i® - 45 mg/l) and high
interval (>45mg/l could indicate a predominant influence of human activity in the regffenting 44% of
the tested wells. Regarding the compliance with the OMS (< 45mg/l), &8uriian wells and two wells
from Merida Ill did not meet the water quality criteria for drinking water.

60.00

50.00 +~

40.00
3000 +~

Frequency (%)

2000 +

10.00 +

0.00 <<

<22.5 22.5-45.0 >45.0

Nitrates concentration (mg/l)

Fig. 3. Frequency distribution for nitrate concentrations during the sampling years
2012 and 2013.

Nitrate concentrations for the two sampling years and for the diffaupptyssystems were analyzed with
non-parametric techniques because the raw data did not follow a normal distribgoKolmogorov-
Smirnov test was used to compare the distributions of nitrate concentrationthé different sampling
years The results displayed a P-value of 0.561911, meaning no statjssicalificant differences between

the two distributions with a 5% significance level (Fiy. 4
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Fig. 4. Box and whiskers diagram for nitrate concentrations during the sampling years
2012 and 2013.

* Corresponding author.
E-mail address: ing.arojas@gmail.com (A.Y. Rojas Fabro)
http://dx.doi.org/10.1016/j.apgeog.2015.10.00410



Rojas Fabro A. Y. et al. (2015). Applied Geography, 65, 49-57

However, the ANOVA analysis showed that there is a significant differarec®% significance level

between the nitrate concentrations from the water treatment works sewwi€Gity of Merida. It was observed
that some wells in the intra-urban back-up system and in Meridapidrted the highest nitrate concentrations
(Fig. 5). These higher concentrations are believe to come from the use of nitrogen feiitiliagricultural
activities, as well as from the discharge of septic tanks, uncontrolled sdtd disposal and swine farming

located in Merida and adjacent municipalities (Ewi1,2)
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Fig. 5. Box and whiskers diagram for nitrate concentrations in the different water
treatment works.

3.2 Geostatistical analysis

A Gaussian model was found to fit the experimental semivariogram duadtéo explain the spatial
autocorrelation currently found from nitrate concentrations in groundwat€r.78). The calculation of iso-
concentration contour lines was conducted by using Inverse Distance We(¢idtMpinterpolation based on
the theoretical Gaussian model and on the locations of the original datassAvalidation analysis of the
interpolations was applied and resulted in an acceptabteefficient value (0.713), which means the
proportion of the variation is properly explained by the best-fit line. Hsislt was used in creating the iso-
concentration contour map for nitrate based on data reported in this sthasively (i.e., period 2012013)

in order to reach a good representation of the current situation JFig. 6

A large variation in the nitrate concentrations between water treatments wehaan in Fig.6, with the
higher concentrations found in the central part of the City of Meridet corresponds to the oldest part of
the city, where all domestic wastewater is directly disposed into the aquifenkimlgis or caves or through
septic tanks. As compared with earlier reports from others regionis Wwitthe Mexican State of Yucatangth
nitrate level found was relatively lower in the same region. Pacheco aret&f1997) reported 56% of the
total 380 water samples collected from a dug wells in a rural area of Noktegida where the nitrate
concentrations were above the maximum permissible limits (>45 mg/l). Graaie(£999) reported nitrate
concentrations of up to 80 mgpl the upper layer of the Merida’s aquifer from dug wells located in the
central zone of the City of Merida. One of the main differences betthéssactual research and others
previously mentioned herein is the study of the spatial behavior afsitragroundwater through
geostatistial analysis in order to reproduce numerically and graphically, the spiatidbation of nitrate
concentrations on the study area.
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Fig. 6. Nitrate concentration (mg/l) in the study area (2012—2013).

Regarding the water treatment worktssan be observed that some of the wells in the intra-urban back-up
system and in Merida Il reported the highest nitrate concentrationscdiitsbe explained by the existence
of some activities, which potentially discharge nitrates into the groundwat#erida and its adjacent
municipalities, Uman and Kanasin. The nitrogen input caused by the acfivitiesse municipalities has
been reported by Euag(12, who mentioned that the most important nitrogen inputs could émmethe
use of nitrogen fertilizers agricultural, as well as from septic tanks, solid waste and farm digsh@Fable
3). From the total nitrogen inputs for each of the previously mentionedtesjteachates; agricultural and
urban runoff; and dilution due to rainfall infiltration must be considaethe most relevant for the Merida
region As an examplen the case of agriculture in the metropolitan area of Merida, leachates were
responsible for 44% of the total nitrogen load feid the groundwater, resulting in a nitrate concentration
diluted by a factor 012 (Gonzalez-Herrera et al., 2014).

Table 3

Main nitrogen inputs (kg) according to different activities in the study area.
Municipality Agriculture Swine farming Poultry farming Septic tanks Solid waste
Merida 319,937 12,463,728 348,976 3,738,294 2,141,198
Uman 146,839 2,675,633 755,420 229,469 131434
Kanasin 187,297 1,743,569 1,813,246 354,191 202,871

Source modified: Eudn (2012).

The areas located north and southeast of Merida have lower nitrate concenvhtatnsould be attributed

to lower population densities and smaller scale economic activities as compdadriaand Kanasin.
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3.3 Nitrate correlations with selected water quality parameters

The correlation values calculated for a 5% significance levislaf againsiCl; NO; against K andNO;
againstSQ,” were not significant (r< 0.9) for both sampling years and all. sitewever, as showed in Table
4, there is a certain degree of correlation between nitrate and chloride catimesim Merida Il (r? = 0.59).
This could be explained by several factors which include the presenmgtioftanks and swine farm
discharges, added to open defecation practices which has been detected imraarnenmunities in the
region (Rao, 2006; McQuillan, 2004).

The possitive correlations between potassium and sulphates with nitrates igaicatdwater contamination
by industrial nitrogen fertilizers, domestic wastewater and farm dischargagdgand Almasri, 2009; Sajil
et al., 2014; Suthar et al., 2009; Red2ly14) In the study region, positive correlationd0.5) of these
paremeters were found in Merida Il and in intra-urban wells, which celdtke to the activities developed in

the surrounding municipalities.

Table 4

Correlation coefficients (1) for nitrates against chlorides, potassium and sulphates.
Supply system NO; ws. Cl NO; wvs. K’ NO;  vs.SO3
Merida 1 —0.75 —0.01 -0.27
Merida 11 0.40 0.77 0.59
Merida 111 —-0.39 —-0.27 —0.31
Intra-urban —0.14 0.44 0.52
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Fig. 7. Hazard Index of nitrates for adults drinking groundwater.
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3.4 Hazard characterization

Results indicated that the Hazard Index (HI) calculated for adults was lowehéhanit (HI<1.0), meaning
no adverse effect to human health by nitrate contamination because it washaetmival safety limit

(Bozek et al., 2013; Jamaludin et al., 2013). However the higher lgeedslocated at the central region of
the study area which corresponds to Mexdadty center (Fig. 7). A similar spatial behavior was found for HI
values calculated for bottle-fed infants; nevertheless, values abovattfidiut.0) were reached in the
central area as well (Fig. 8), indicating a health risk for babies feed witHanitkila prepared with this

water.

The spatial distribution models (Figs. 7 and 8) showed that the higilaeswf HI are located in the central
part of the City of Merida, which is supplied by wetigntra-urban back-up system. Generally speaking, the
lowest values were observed in Mérida I, Il and Il located on the aisteithe city. This result shows the
need to provide water for human consumption from field water wetltegieriphery of the city with the

lowest HI to reduce any related public risks, particularly to infants.

4. Conclusions

The nitrate concentrations in the groundwater supply sources stegiity of Merida City were found to
be within a range of 15.8b 70.61 mg/lIn 11% of the collected water samples, nitrate concentrations
exceeded the maximum limits allowed by OMS and WHO for human useoasdmption. The main
contribution of this research work, when compared with others preyicesbrted in the same geographical
area, is the study of the spatial behavior of nitrates in groundwedeigtha robust geostatisgi@analysis in
order to reproduce numerically and graphically the spatial distributipitrafe concentrations on the study
area. The spatial distribution of the nitrate ion showed that the highest concentratienkoeated in the
central and northwest parts of the City of Merida. A positive correlafiaitrates with chlorides, potassium
and suphates in Merida Il and in the intra-urban back-up system suggehktsaogenic contamination
mainly due to agricultural activities, as well as inadequate discharge of wastewatéarfrong in the case
of Merida Il. In the case of the intra-urban system, the use of septic tanks, whidhrdtuence the nitrate
concentrations in the groundwater, must be considered. In general, theteeiglth hazard of nitrates for
adults, but bottle-fed infants may be under risk if consume vraterthe inter-urban system

The spatial distribution of the HI reported in this research provide faettyefirst time scientific evidence
confirming that the aquifer feeding the water treatment works ipetiphery of the city (Merida I, Il and
), does not pose mayor public health risks due to the presemigatés. GIS technology is an essential
tool to achieve a better representation of the spatial distribution of chemical cuanttgsrthat may affect
drinking water supply sources and public healthe present study found that in the City of Merida the
current natural solution to nitrate contamination is dilution caused Byatitin of water from rainfall
reaching aquifer. However, it must be considered that this scenario lig Vudyierable to long term due to

unpredictable changes induced by climate change scenarios and curreiaingsisiessocio-economic
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development in the region, which could reduce the quality of the gratadwendering it inadequate for

feeding the current water supply system in Merida
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