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RESUMEN

El acuifero del estado de Yucatan posee caracteristicas carsticas que 1o hacen
vulnerable a la contaminacion, presentando un gran riesgo, ya que el agua
subterrdnea es la Unica fuente de abastecimiento y el receptor de las aguas
residuales. La utilizacion de tanques sépticos, el desarrollo de actividades
agropecuarias y la disposicion inadecuada de desechos de humanos y animales,
son algunas de las actividades que dan lugar a concentraciones no deseables del
ion nitrato y de bacterias coliformes fecales. El nitrato, es la forma mas estable del
nitrégeno en acuiferos y al ingerirse en cantidades mayores a 45 mg/l, puede
causar metahemoglobinemia (cianosis) en los nifios y algunos desarrollos de
cancer, las bacterias, en especial las coliformes fecales, causan diarreas y otras
enfermedades. La contaminacién del agua subterranea por nitratos y bacterias
coliformes fecales tiene un efecto sinérgico, ya que algunas especies reducen el
ion nitrato a nitrito, el cual es capaz de oxidar la hemoglobina a metahemoglobina
y ocasionar una reduccion del oxigeno transportado en el flujo sanguineo. Los
objetivos de este trabajo fueron: (a) evaluar los patrones de comportamieﬁto
espacial y temporal de las concentraciones de nitratos y bacterias en el agua
subterranea; (b} relacionar este comportamiento con las caracteristicas
hidrogeolégicas, climaticas y de uso del suelo y (c) evaluar los patrones de
comportamiento y su relacion con las caracteristicas carsticas, como un ejemplo
caracteristico de estos sistemas. Para determinar las concentraciones de nitratos,

la densidad de organismos coliformes fecales, aislar e identificar las especies de

Vi



enterobacterias, se emplearon las técnicas de la Brucina y de Luz Ultravioleta; el
Numeroc Mas Probable y reacciones bioquimicas, respectivamente.

Los resultados mostraron que las fuentes de nitratos en el agua subterranea del
estado de Yucatan, son la inadecuada disposicion del agua residual de uso
doméstico y animal y el uso irracional de fertilizantes orgénicos e inorganicos. Las
concentraciones de nitratos y la densidad de coliformes fecales alcanzaron valores
por arriba de las normas nacional e internacional. Los géneros identificados
frecuentemente fueron Escherichia, Shigella, Salmonella y Enterobacter. La
tendencia temporal de los nitratos y las bacterias siguieron el patron climatico
respecto a la precipitacion pluvial y el coeficiente de regresién entre nitratos y
cloruros, indicé que e! agua subterranea esta afectada por desechos municipales y
domeésticos. En el area agricola al sur del estado, donde se utilizan fertilizantes
inorganicos nitrogenados, las concentraciones del ion nitrato variaron de 7 a 156
mg/l. El uso de la cerdaza como fertilizante, ocasioné un incremento en la
concentraciéon de nitratos de hasta 88 mg/l y en la diversificacion de las especies
de enterobacterias, encontrandose 5 especies diferentes; no asi, en la densidad
de organismos coliformes fecales ya que esta contaminacién a nivel freatico,
existe a escala regional.

Las alternativas para disminuir y prevenir la contaminacion del acuifero por nitratos
y bacterias son: la elaboracion y puesta en marcha de esquemas de manegjo de
desechos y de fertilizantes, la dotacidén de infraestructura de saneamiento basico a
las areas rurales, asi como la delimitacion de zonas de reserva hidrogeologica

para el abastecimiento de agua potable.
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ABSTRACT
The aquifer of the Yucatan State in Mexico has karstic characteristics that make
the aquifer vulnerabie to contamination. This situation has a risk because this
aquifer is the only source for potable water and it is the recipient of wastewater too.
The widespread presence of septic tanks, agricultural activities and the inadequate
human and animal waste management are some of the sources of the undesirable
nitrate and bacteria concentrations in groundwater.
The most stable form of Nitrogen in the aquifer is nitrate. Nitrate in drinking water
concentration greater than 43 mg/l can cause Iinfant methemoglobjnemia
{(cyanosis) in children and some cancer formations. The bacteria, especially feéa!
coliforms, cause diarrhea and other related diseases.
Both of these contaminants in groundwater have a synergic effect because some
of these bacteria can reduce the nitrate to nitrite, which is the toxic chemical form.
The analytical techniques used for nitrates, fecal coliforms and enteric bacteria
isolation and identification, were the Brucine and Ultraviolet Light methods; the
Most Probable Number by muttiple tubes and membrane filter; and the biochemical
reactions, respectively.
The objectives of this work were: a) To evaluate the nitrate and fecal coliform
bacteria groundwater behavior patterns respect to the space and time conditions;
b) to relate this behavior with the hydrogeologic, climatic and land use
characteristics and c) to evaluate behavior patterns with karstic characteristics as

an example of a karstic system.
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The results showed that the sources of nitrate in groundwater were the inadequate
. human and animal waste management and the irrational use of organic and
inorganic fertilizers.

The nitrate and fecal coliform bacteria concentrations have values above the
" Mexican and International Drinking Water Standards. The most common identified
species were Escherichia coli, Shigella, Salmonella and Enterobacter.

The nitrate and bacteria temporal patterns follow closely those of the rainy and dry
seasons. Correlation coefficients between nitrate and chloride indicate that
groundwater is affected by domestic and municipal sewage.

In groundwater beneath agricultural areas, wherg the use of nitrogen fertilizers is
common, nifrate concentrations varied from 7 to 156 mgfl, and in areas where
dung porcine is a practice for agriculture, results showed an increase of up to 88
mg/l in nitrate concentration above baseline data. The enteric bacteria
diversification in the groundwater was greater too, 5 different genus were found in
wells inside the farm area. The fecal coliform density was without variation due to
regional groundwater fecal coliform contamination.

In order to diminishing and prevent nitrate and fecal coliform bacteria
contamination to groundwater of Yucatan state in Mexico, a fertilizer and waste
management system needs to be developed as well as hydrogeological protection

zone for water supply.



1. INTRODUCCION

E[. ciclo del nitrégeno, explica '[a relacign que. tiene el nitrogeno presente en la
atmosfera con el que se encuentra en el suelo, asi como su transporte y posibles
transformaciones hasta el agua subterranea (Freeze and Cherry, 1979; Burt et al.,
1993). El comportamiento quimico del nitrdgeno es complejo debido a los muchos
estados de oxidacién que -puede tener y al hecho de que ese cambio en el éstado
de oxidacion puede ser llevado a cabo por organismos vivos (Sawyer y Mc. Carty,
1978; Canter, 1997).

El nitrato, nitrito y el ion amonio son formas inorganicas de nitrégeno que se
encuentran en combinacion con iones divalentes y monovalentes. El ion nitrato es la
forma termodinamica estable del nitrégeno combinado en los sistemas acuosos y
terrestres oxigenados; el nitrito, es una especie transitoria en las aguas naturales, ya
que rapidamente se convierte a nitrato y amonio, dependiendo de las caracteristicas
de oOxido — reduccion (redox) del acuifero. Por lo que se refiere al ion amonio,
solamente a un pH superior a 9 se puede encontrar en concentraciones importantes,
su incorporacién a la materia organica o su desprendimiento, es la Unica reaccion
que no corresponde al tipo de redox (Snoeyink y Jenkins, 1990).

Las reacciones de desnitrificacion adquieren gran intensidad en los ambientes
anaerobicos como el hipolimnion dé lagos eutroficos v en los sedimentos
anoxicos, donde ios substratos organicos oxidables son relativamente abundantes.
Los niveles de reduccion - oxidacion de las especies del nitrégeno en el agua

subterranea, son determinados esenciaimente por la introduccion de oxigeno en



los cuerpos de agua subterranea ocasionada por la circulacién y por el consumo

de oxigeno debido a la descomposicion de materia organica (Drever, 1988). = ..

Junto con los nitratos, la bacteria Escherichia Coli son tépicos comunes de muchas
discusiones acerca de la calidad del agua subterranea, ya que son de importancia
| tanto para humanos como para animales. Desdichadamente, los nitratos y las
bacterias no pueden olerse ni sentirse y su presencia Unicamente es detectada

cuando se manifiesta un problema de salud, 0 mediante analisis de laboratorio,

El agua subterranea en el estado de Yucatan es la Unica fuente de abastecimiento
de agua y el receptor de las aguas de desecho; y aunque la disponibilidad en
cantidad del recurso como fuente de abastecimiento es alta, la contaminacién del
mismo por organismos patdgenos y compuestos quimicos es cada dia mayor.
Asimismo, el riesgo por desconocer el funcionamiento del sistema de flujo del
agua subterranea, puede en términos generales, poner en peligro la disponibilidad
tanto en cantidad como en calidad del agua como fuente de abastecimiento

(Carrillo-Rivera et al., 2001).

El proposito de este trabajo es evaluar la contaminacién por nitratos y bacterias del
agua subterranea, determinar sus principales fuentes y su significacion en la salud
humana y animal, como base para la implementacion de medidas de prevencion y
control de la contaminacion de la Gnica fuente abastecimiento en el estado de

Yucatan.



- Objetivos

Para cada una de las regiones del Estado de Yucatan, estudiadas en los difer_entes
articulos que conforman este trabajo, los objetivos son: (a) evaluar los patrones de
comportamiento de las concentraciones de nitratos y bacterias en el agua
subterranea en funcion del espacio y del tiempo; (b) relacionar este comportamiento
con las caracteristicas hidrogeologicas, climaticas y de uso del suelo y (c) evaluar los
patrones de comportamiento y su relacion con las caracteristicas carsticas, como un

ejemplo caracteristico de sistema carstico.

Para cumplir los objetivos propuestos, en este trabajo se incluyen cuatro
publicaciones; las 3 primeras han sido publicadas en revistas internacionales y la
cuarta, se encuentra en proceso de dictamen. En estos articulos, se presentan los

diferentes aspectos que conforman el tema de la investigacion doctoral.

En el Capitulo 2, “Marco Teérico”, se mencionan las caracteristicas principales de
la zona de estudio, destacando los conocimientos que se tienen de la geologia e
hidrogeologia, de la modelacién de! flujo subterraneo y del transporte y la
atenuacion de contaminantes. También se hace referencia a las caracteristicas
quimicas de los nitratos, sus posibles origenes y sus implicaciones para la salud
humana y animal; asimismo, se destaca la importancia de la contaminacién del
agua subterranea con bacterias coliformes fecales, describiendo para cada caso,

ta situacion actual en el Estado de Yucatan.



En el Capitulo 3, “Contaminacion por nitratos del agua subterranea en la
_Peninsula de Yucatan, México”, se describen. las distribuciones temporales. vy -
espaciales de las concentraciones de nitratos en un area al norte de la ciudad de
Mérida, en la que no existe alglin sistema de saneamiento basico y cuyos
habitantes hacen uso del agua extraida de pozos someros. Esta investigacion se
realizd para conocer el impacto que tiene la densidad poblacional y las
condiciones del saneamiento en las concentraciones de nitratos en el agua
subterranea proveniente del acuifero de naturaleza carstica del estado de Yucatan
y para conocer las relaciones que pueden existir entre las variaciones de las
concentraciones del nifrato y las variaciones estacionales, considerando las

temporadas de estiaje v lluvia.

En el Capitulo 4, “Contaminacion bacterioldgica en el acuifero carstico de Yucatan,
Mexico”, se plantea la relacion entre la densidad de bacterias coliformes totales y
fecales y los eventos de precipitacion pluvial en el area y se describen las
especies de bacterias patdgenas encontradas con mayor frecuencia en el agua
subterranea de este acuifero. Asimismo, se compara la presencia de bacterias
coliformes fecales en el agua subterranea de un ambiente urbano y en el area
rural; el cual carece de infraestructura sanitaria basica y se muestra el
comportamiento de las bacterias en el agua subterranea con respecto al patron de

precipitacion pluvial.



En el Capitulo 5, “Comportamiento espacial y temporal de los nitratos en doce
pozos de abastecimiento en Yucatan, México’, se dilucida acerca d_el origen de los.
nitratos en el agua subterranea al sur del estado de Yucatan y se determina si el
agua de los pozos de abastecimiento ha sido influenciada por el uso de
fertilizantes nitrogenados. Asimismo, se muestran los patrones 'espaciales y
temporales de las conceniraciones de nitratos, y a través de relaciones
hidroquimicas, se identifican las posibles fuentes de nitratos al agua subterranea.
Tambien se dan las condiciones de calidad del agua que prevalece en los
sistemas de abastecimiento respecto a las concentraciones de nitrato, indicando
aquellas poblaciones en las que se requieren tomar decisiones acerca de nuevas
fuentes de abastecimiento, para prevenir afecciones a la salud humana. Ademas,
se pone de manifiesto la existencia de una contaminacién base por nitrétos en el
acu;’fero y se da a conocer el comportamiento temporal de esta contaminacion

respecto a las femporadas de estiaje y lluvia.

En el Capitulo 6, “Efecto del uso de la excreta de cerdo como fertilizante en las
concentraciones de nitratos y bacterias en el acuifero carstico de Yucatan, México”,
se mencionan las concentraciones de los nitratos y la densidad de las bacterias
coliformes totales y fecales, asi como las especies de la familia de las
Enterobacteras que se encontraron con mayor frecuencia en el agua que subyace
un campo experimental en el que se uso la excreta de cerdo como fertilizante en el
cultivo de pastizales y algunos productos horticolas. Asimismo, se muestra como la

aplicacion de la excreta ocasiona efectos en la concentracion de nitratos y en 1a



densidad de organismos coliformesr fecales en el agua subterranea. Todo esto,
considerando la naturaleza carstica del subsuelo. lLos resultados de esta
investigacion, muestran el peligro potencial que genera el incremenio de las
actividades porcina y agropecuaria, ya que actualmente los desechos de las granjas
" de tamafios mediano y péqueﬁo, gue son las mas numerosas, son vertidos sin algun
tratamiento y cuando se emplea la excreta como fertilizante, ésta es utilizada sin

algun tratamiento previo.

En el Capitulo 7, se presentan las conclusiones de las investigaciones realizadas y
se mencionan algunas alternativas para minimizar y controlar la contaminacion por

nitratos y bacterias en el acuifero carstico de Yucatan.



2. MARCO TEORICO

Descripcion del estado de Yucatan

El estado de Yucatan se localiza en el sureste de la Republica Mexicana (Figura 1),
sus coordenadas geograficas extremas son 21°36' y 19°30' de latitud norte; y, 87°32
y 90°25' de longitud oeste. Ocupa una superficie territorial de 38402 kildmetros
cuadrados, lo que representa el 2.2% del total del pais y se encuentra dividido en
106 municipios. El clima de 1a region es calido — subht]med'o (AW) en el sistema de
clasificacion de Kdppen; con una temperatura media anual de 26.3°C y una
precipitacion media anual de 1200 mm. La temporada de liuvias comprende los
meses de junic a ociubre, siendo julio y agosto los mas lluviosos; el estiaje,

comprende los meses de noviembre a mayo (Garcia, 1981).

90° 89 8s°

MEXICO

Figura 1. Localizacion del Estado de Yucatan.



La Secretaria de Agricultura y Recursos Hidraulicos y el Instituto Nacional de
.Estadistica, Geografia e Informatica, sefialan que entre las actividades primarias de
la entidad, estan la agricultura, fa ganaderia (en la cual destaca la produccién de

bovinos, porcinos, aves y caprinos) y fa pesca (SARH, 1989; INEGI, 1992; 1996).

Geologia del estado de Yucatan.

La secuencia geoldgica es conocida a traves de los pozos profundos perforados por
PEMEX con fines de explotacion petrolera. Estas perforaciones mostraron que la
Peninsula de Yucatan comprende rocas carbonatadas de la edad Terciaria hasta de
1000 metros de espesor, sobreyaciendo carbonatos y evaporitas del Cretacico. La
secuencia litologica establecida por las perforaciones es descrita por Lopez-Ramos,
(1973}, Lesser (1976), Weidie (1985). Durante las perforaciones de PEMEX (1950-
1960), se recuperaron muestras de nucleo de roca consideradas como andesitas, lo
que propicié que se abandonaran los esfuerzos de exploracién petrolera en esa
zona. En 1991, se dio a conocer la existencia de una estructura semicircular
sepultada en Yucatan, que podria tratarse de la estructura de impacto buscada por
todo el planeta (Hildebrand y Boynton, 1990; Smit et al., 1992; Alvarez et al., 1992;
Sharpton et al.,, 1992; Krogh et al., 1993, Pilkington et al., 1994, Hildebrand et al.,
1995; 1998). El estudio litoloégico en dos nlcleos, mostrd que uno de ellos esta
constituido por rocas marinas del Terciario temprano mientras que el otro, registra
vidrios de fusion y otros indicadores de metamorfismo de impacto en una matriz
calcarea. Esto sugeria que entre ambas muestras discretas se podria encontrar el

limite Cretacico-Terciario (K/T). Para sustentar que el lugar correspondia a una



estructura de impacto, fue necesario conocer mas acerca de fa geometria y de la
composicion de las rocas. Por esto, la Universidad Nacional Auténoma de México
inicié trabajos de investigacion en esta area mediante un programa de perforacion
somera en 1994, con la perforacién de los pozos UNAM1 a UNAMS. En ef desarrollo
de las perforaciones UNAM1, 3 y 4 (154.45 m) y UNAMZ (5659 m), se encontrd una
litologia poco consolidada, correspondiendo en su mayor parte a rocas marinas de
edad Cenozoica, fechadas mediante estudios isotépicos, por lo que las rocas de
impacto deberian estar a mayor profundidad. En estas perforaciones, se encontraron
diversas manifestaciones carsticas como cavernas y fracturas. En la perforacion del
pozo UNAMS, ubicado al sur del estado, se interceptd la brecha de impacto a 332 m
y a partir de esta profundidad y hasta los 502 m, el registro de este tipo de rocas fue
continuo. Los indicadores de que se habia atravesado el limite K/T, fueron el cuarzo
impactado y su corona de alteracidén y vidrios fundidos. En el afio de 1995, se
perforaron dos pozos adicionales de 700 m cada uno, ubicados a 150 y 175 km. del
centro del crater, los cuales interceptaron la .brec:ha de impacto a los 220 y 280 m en
los pozos UNAMG y UNAMY, respectivamente (Figura 2). Estos dos pozos mostraron
un contacto erosional entre las rocas carbonatadas del Terciario y las brechas de
impacto, es decir, la pérdida de la secuencia original; este contacto, parece estar
mas marcado en el pozo UNAM7 evidenciado por una brecha de impacto en

contacto con una brecha evaporitica (Marin y Trejo, 1997).
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Hidrogeologia

El acuifero de Yucatan, esta formado. por calizas de caracteristicas variadas y
depdsitos de litoral, cuenta con un espesor medio de 150 metros y por su
respuesta hidraulica, se le puede considerar un acuifero libre, excepto por una
estrecha franja a lo largo de la costa, en donde una delgada capa de caliche
representa un confinamiento hidrogeologico (Perry et al., 1989).

En acuiferos carsticos, la permeabilidad es una combinacidon de la permeabilidad
primaria de la roca, del grado de fracturamiento y de los conductos de disolucion.
El efecto de disolucion de la roca carbonatada, ocurre segun el contenido de
carbonato de calcio y la caracteristica de acidez del agua en cada sitio especifico,
este fendmeno es conocido como carstificacion. Como resultado de esta
carstificacion  continua, la heterogeneidad del sistema se incrementa
continuamente, propiciando que el almacenamiento y el movimiento del agua
subterrdnea tenga lugar a través de la red de cavidades interconectadas con
fracturas y conductos de disolucion, encontrandose en estos Ultimos, las
oquedades y cavernas, localizadas a diferentes profundidades del subsuelo
(Villasuso y Méndez, 2000).

Recientemente, en la ciudad de Mérida se determinaron mediante registros
geofisicos (rayos gamma, resistividad eléctrica y caliper), conductos carsticos de
flujo preferencial de agua subterranea a las profundidades de 8-12 m, 20-22 m, y
28 m, los que fueron asociados con antiguas posiciones del nivel freatico
relacionados directamente con variaciones del nivel del mar durante el Pleistoceno

(Buckley et al., 1994).
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Debido a la presencia‘de la cufia de agua marina que subyace al agua dulce, el
espesor saturado de agua dulce crece hacia tierra adentro, siendo menor de 30
metros dentro de una franja de 20 kildmetros a partir del litoral, de 30 a 100 metros
en el resto de la llanura y del orden de 100 metros en el area de lomerios (Figura

3) (SARH, 1989).

COTAEN METROS
CON RESPECTO AL NIVEL DEL WAR SIERRITA DE

A At TicuL &

SHBOLOGIA LITOLOGIA RANGOS DE SALINIDAD
|_| roz0
AL v l:
AN PROFUSDICAD TOTAL &i FM.CARAILLOPUERTO H HMENOR DE 1000 #PK1 DE 57D
—— —  HWELESTATICO % MARGAS Y CALIZAS RRELLOSAS
LITE HFERIOR DEL AGHR DULCE ﬁ AL CRISTALINA FOSTLEERA D DE 1090 4 5000 PAY DE STD
LIMTE LIFERIOR IFERIDO FORMACION CHICHENTZA
_____ DEL AGUA DULCE E CALEZA CRISTALIA DOLORITIZADA JAYOR
¥ SILICIFICAGA.F 3 ICAICHE AYOR DE $000 PPH DE STO
”
\\. .’r{/' FALLA HORMAL, INFERICA m EVAPORITAS

Modificado de: SARH, 1989
Figura 3. Localizacién de la seccidn esquematica AA', mostrando la litologia y

conformacion del acuifero en el estado de Yucatan.
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Los valores para el gradiente hidraulico varian de 5 x 10% a 1 x 10° Km/Km
(Marin, 1990).

La porosidad y la permeabilidad de la secuencia calcarea, no es la misma en
todas direcciones debido a diferencias litoldgicas y estratigraficas; asi, estudios de
laboratorio realizados con ntcleos de la matriz rocosa correspondientes a
profundidades entre 0 a 35 m de la zona saturada, en un pozo ubicado en el ex-
basurero municipal de Mérida, mostraron valores de porosidad primaria en el
ra-ngo de 8 a 55% vy los valores para la conductividad hidraulica estuvieron en el
rango de 0.003 m/d a mas de 30 m/d (Brewerton, 1993).

A la fecha se han determinado diferentes valores de la qonductividad hidraulica;
por ejemplo, Back y Lesser (1981, citado por Villasuso y Méndez, 2000)
determinaron un valor de 0.01 mfs; Gonzalez (1984) determino valores de
conductividad hidraulica entre 0.000001 y 0.005 m/s en pruebas de laboratorio
realizadas en nlcleos de roca de la ciudad de Mérida a profundidades hasta de 80
metros; Méndez - Ramos en 1991 (citado por Villasuso y Méndez, 2000}, usd un
valor de 0.064 m/s en un modelo matematico para el acuifero de Mérida: en la
modelacion del acuifero de la parte noroeste de la peninsula, Marin (1990) usd
valores de 1.0 m/s y de 0.1 m/s para capas con alta y baja permeabilidad en un
area al noroeste del estado de Yucatén, cercana a la ciudad de Mérida; Reeve y
Perry en 1990 (citado por Villasuso y Méndez, 2000), determinaron valores de
conductividad hidraulica entre 0.0003 y 0.5 m/s en un area localizada al norte de la
ciudad de Mérida, cercana a Chuburnd Puerto. Martinez Guerra en 1990 (citado

por Villasuso y Meéndez, 2000), usé en un modelo matematico para la isla de
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Cozumel, valores que estuvieron en el raﬁgo de 0.01 a 0.001 m/s. Villasuso et al.,
(1984) y Villasuso (1990), citado por Villasuso y Mendez (2000}, aplicaron un
método similar al usado por Gonzalez (1984) en pruebas de campo en la ciudad
de Mérida, obteniendo valores en el rango de 0.00032 a 0.0087 m/s.

De los valores relativamente altos para la conductividad hidraulica, podemos
obtener valores altos para la transmisividad, como el de 800000 m?/d (BGS et al,,
1995), en comparacion con otros acﬁiferos con espesor similar. El agua
subterranea en la Peninsula de Yucatan, se mueve de las zonas de mayor
precipitacién ubicados al sur de la Peninsula hacia la costa, donde se realiza la
descarga natural del acuifero al mar, alimentando de paso a los esteros y lagunas
costeras. De esta manera, se estabiece que la direccion regional del! flujo
subterraneo en la Peninsula es de sur a norte para el caso de la porcion norte y de
sur a noroeste para la porcidon occidental de la Peninsula (CNA, 1997).
Investigaciones recientes han demostrado que la presencia del anillo de cenotes,
el cual es una banda semicircular de aproximadamente 180 kilometros de
diametro y en el que hay un gran numero de cenotes que son producto del
impacto de un meteoro en el limite Cretacico - Terciario, le confiere al acuifero del
estado dé Yucatan propiedades hidrogeoldgicas especiales como son: una alta
descarga de agua subterranea en las regiones donde el anillo intercepta {a costa y
la presencia de diferentes medidas de niveles piezométricos en las regiones de
adentro y fuera del anilio (Perry et al., 1995). Al respecto, Steinich y Marin, (1996)
mencionan que el Anillo de cenotes representa en varios de sus segmentos una

zona de alta permeabilidad que actita como un rio subterraneo el cual concentra el
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agua subterranea y la conduce hacia sus puntos de interseccion con la linea
costera cerca de Celestun y Dzilam de Bravo. .

El anillo de cenotes, funge como una barrera hidraulica que permite la
identificacion de diferentes zonas sin conexion hidraulica entre ellas, conformando
de esta manera el sistema acuifero de Yucatan. Las areas de estudio que se
discuten en los capitulos 3, 4 y 6 de esta tesis, se encuentran dentro del anillo de
cenotes; y el area de estudio que se trata en el capitulo 5, se encuentra fuera de

este.

Transporte de solutos

El nivel fredtico somero, la precaria cantidad de suelo y el rapido movimiento
lateral y vertical de solutos caracterizan al acuifero del estado de Yucatan como
vulnerable a la contaminacion. La diseminacion del soluto en la direccion del flujo
se conoce como dispersion longitudinal y la diseminacion en la direccion
perpendicular, se denomina dispersion transversal. Estudios de laboratorio, -han
determihado que la dispersion longitudinal es proporcional al tamario de las
heterogeneidades y depende de la velocidad del flujp en los conductos de
disolucion, cavidades y de la apertura de los poros; respecto a la dispersion
transversal, se concluyé que es menor que ia longitudinal y baja en comparacién
con terrenos porosos. Sin embargo, se concluye la necesidad de estudios
posteriores para conocer mejor los parametros en cuestién y entender asi, la
migracién de solutos (Graniel, 2001). Estas pruebas, confirman la hipotesis de que

la dispersion longitudinal es mayor que la transversal; sin embargo, se debe de
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tener en cuenta que los valores de dichas dispersiones en el campo son mayores |
que las obtenidas en el laboratorio, debido a los efectos de las heterogeneidades
rnacroscopicas en el campo.

El flujo de agua subterranea influye en el transporte de contaminantes, el cual
puede ser algo diferente a escala local. Aunque el flujo de agua subterranea en
acuiferos carsticos es susceptible de considerarse de dos formas, flujo por
conductos y flujo difuso, mayormente existe una mezcla de ellos con un tipo de
flujo predominando sobre otro (Gonzalez, 1994). Marin (1990) y Gonzalez (1992)
demostraron que el acuifero céarstico de Yucatan puede modelarse considerandolo
como un medio poroso. El comportamiento inusual de los contaminantes en este
acuifero comienza cuando ocurre un derrame, ya que los contaminantes pueden
introducirse al acuifero de manera directa o indirecta. La contaminacion directa
ocurre cuando los contaminantes fluyen sobre el terreno hasta llegar a un cenote,
a un pozo somero o cuando se inyectan desechos a cenotes y pozos profundos.
La contaminacién indirecta se refiere a la que se infiltra por la zona vadosa hasta
arribar al nivel freatico. Se espera que ocurra una acumulacién de contaminantes
en la matriz de las zonas vadosa y saturada, pero el transporte de contaminantes
es principalmente a través de fracturas y cavidades presentes en el sistema.

Por la naturaleza del acuifero se supone que la atenuacion de contaminantes es
muy limitada y las sustancias quimicas que llegan a este acuifero pueden
transportarse advectivamente y ser dificiles de detectar usando pozos de

monitoreo.
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En general, la modelacion del flujo del agua subterranea y el transporte de
contaminantes en el estado de Yucatan, es complicado por la naturaleza
heterogénea del acuifero; actualmente, a pesar de los esfuerzos hechos por varios

investigadores, no existe alguna informacion formal al respecto.

Contaminacion por nitratos.

El nitrdgeno es un elemento diatdmico y se encuentra en estado gaseoso- a
temperatura y presion ordinaria, comprende el 79% de la atmdsfera terrestre y en
su forma elemental es relativamente inerte (USEPA, 1994).

Las relaciones que existen entre las formas de los compuestos del nitrbgeno vy los
cambios gque ocurren en la naturaleza, se ilustran en la Figura 4. En este diagrama,
puede observarse que la atmoésfera sirve como un reservorio desde el cual el
nitrogeno es constantemente removido por la accidon de las descargas eléctricas y
por fa fijacion del nitrégeno por bacterias y algas. Durante las tormentas eléctricas,
grandes cantidades de nitrébgeno son oxidadas a N;Os vy su unién con el agua
produce &cido nitrico, el cual es llevado a la superficie de la tierra con la lluvia. Por
otra parte, los compuestos de nitrogeno son liberados en los productos de desechos
del cuerpo durante toda la vida; asi por ejemplo, la orina contiene el nitrdgeno
resultante del desdoblamiento metabdlico de las proteinas.

El nitrbgeno que existe en la orina, principalmente como urea, es hidrolizada
rapidamente por la enzima ureasa a carbonato de amonio. Las heces de los
animales contienen grandes cantidades de materia proteinica no asimilable

(nitrdgeno organico); esta materia proteinica y el remanente en el cuerpo de los
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animales muertos y las plantas, son convertidos en gran medida a amonio por la

~ accion de las bacterias saprofitas, bajo condiciones aerobias o anaerobias.

BEIDUQNQ —a

JIGHRIBLE .

MATERIA
ORGANICA
MUERTA

Fuente: Sawyer y McCarty, 1978

Figura 4. Ciclo del nitrégeno.

Sin embargo, algo de Nitrégeno permanece como materia no digerible y pasa a ser
parte del detritus o del humus. El amonio liberado, puede ser usado por las piantas
para producir proteinas, pero si se libera en exceso de lo que requiere ia planta, éste
es oxidado por bacterias nitrificantes autétrofas del grupo Nitrosomonas y lo
convierten a nitrito.

2NH; + 30, — 2NOy; + 2H" + 2H;0

Los nitritos son oxidados a nitratos por bacterias del grupo Nitrobacter.
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2NOy + O — 2NO5

Estos nitratos pueden servir como fertilizantes para las plantas y los que se producen
en exceso, son llevados al agua a través de la percolacion en los suelos. Bajo
condiciones anaerobias los nitritos y nitratcs son reducidos por el proceso de

desnitrificacion.

El contaminante inorganico mas comun identificado en agua subterranea es ei

nitrégeno disuelto en la forma de nitrato, debido a que es la forma mas estable en

gue puede encontrarse el nitrbgeno y su presencia en concentraciones no
i

deseables (mayores que 45 mg/l) en el agua de consumo es potencialmente

peligrosa para la salud humana y animat (Freeze y Cherry, 1979; Chandler, 1989).

El ion nitrato es muy movil en las aguas subterraneas y puede moverse con una
transformacion minima. Es capaz de migrar grandes distancias a partir de las
areas puntuales de contaminacion si hay materiales altamente permeables que
contienen oxigeno disuelto; la Unica condicidn que puede afectar este proceso es
un descenso en el potencial redox del agua subterranea, en cuyo caso, el proceso
de denitrificacion estara ocurriendo (Canter, 1997).

Estudios realizados en varios paises, mencionan el estado de contaminacion del
agua subterranea por nitratos y sus variaciones respecto al espacio y tiempo, asi

como fa relacion que tiene con factores hidrogeoldgicos, climaticos, caracteristicas
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del suelo, tipos de infiltracion hacia el agua subterranea y uso del suelo (Flipse et

al., 1984, Canter, 1997). :

A menudo es dificil precisar el origen de la contaminacion, debido a que puede
provenir de muchas fuentes. La entrada.de los nitratos a las aguas subterraneas
es un resultado de procesos naturales y del efecto directo o indirecto de las
actividades humanas. Los procesos naturales incluyen el arrastre de los
materiales nitrogenados por la precipitacion pluvial y la descomposicion de la
materia organica. Los nitratos provenientes de las actividades humanas se derivan
de: la escorrentia de terrenos cultivados, efluentes de lagunas y tanques sépticos,
fertilizacion excesiva con nitrogeno, deforestacion y el cambio en la materia
organica del suelo como resultado de la rotacion de cultivos (Heaton, 1985;

Keeney, 1989).

Fuentes naturales

El ion nitrato es la forma termodinamica estable del nitrégeno combinado en los
sistemas acuosos y terrestres oxigenados, de forma que hay una tendencia de
todos los materiales nitrogenados a ser convertidos a nitratos en estos medios.
Las pequefias cantidades de nitrdgeno que contienen las rocas igneas pueden
proporcionar algun nitrato a las aguas naturales en el proceso de meteorizacion
(Garcia et al., 1994; USEPA, 1994). Todos los compuestos del nitrato son
altamente solubles en agua y cualquiera de ellos que se forme en este proceso, se

encontrara en sclucion. Los minerales que contienen nitratos son muy raros,
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_solamente los salitres (nitrato de sodio y nitrato de potasio) son los mas
difundidos. Los nitratos se encuentran en forma de florescencias, incrustaciones y
costras. A causa de su gran solubilidad, suelen formarse en regiones calidas y
secas. Los yacimientos de nitrato de sodio en Chile, tienen importancia mundial
(Garcia et al., 1994),

Una parte del dxido nitrico y el didxido de nitrogeno presentes en el aire se
producen por procesos naturales, inducidos por las descargas eléctricas, las
erupciones volcanicas y la actividad bacteriana del suelo, pero las concentraciones
resultantes en el aire son virtualmente insignificantes. Estos compuestos se
convierten en fuentes naturales de nitrato, ya que la principal forma de eliminacion
atmosferica de los oxidos de nitrdgeno se realiza mediante su oxidacion a acido
nitrico, y éste es mucho mas hidrosoluble y se absorbe mas faciimente en la
superficie de la materia particulada en suspension (Garcia et al., 1994),

Los nitratos también existen en forma natural en algunos alinﬁentos,
particularmente en algunos vegetales, como por ejemplo la remolacha, el berro, la
lechuga, el rabano, la col y la zanahoria, los cuales pueden contener entre 500 y
5000 mg de nitrato/Kg. (Garcia et al., 1994).

Los nitritos se forman por la oxidacion bacteriana incompleta del nitrégeno en el
medio acuatico o terrestre, o por la reduccion bacteriana del nitrato. Son productos
intermedios del ciclo completo de oxidacién-reduccion y sbélo se encuentran
presentes en condiciones de baja oxidacion. El nitrito en comparacidn con el

nitrato, es menos soluble en agua y menos estable (Garcia et al., 1994).
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Los nitratos en las aguas superficiales y subterraneas se derivan de la
descomposicion materiales nitrogenados organicos -como las proteinas de las

plantas, animales y excretas de animales {OPS, OMS., 1980).
Fuentes artificiales

a) Fertilizantes

La produccion agricola depende del tipo de suelo y su fertilidad. En ocasiones, el

contenido de nutrientes de origen natural en los suelos no es suficiente para lograr

una adecuada feriilidad, por lo que se emplean los fertilizantes naturales y

quimicos.

El nitrdgenc es un nutriente vital para las plantas, quienes lo utilizan en la sintesis

de proteinas para su crecimiento. Los fertilizantes nitrogenados aportan el

nitrbgeno necesario y a su vez, algunos de ellos son fuentes importantes de

nitratos, dando lugar a través de su uso a un incremento de la presencia y

concentracion de éste en el medio. Los fertilizantes nitrogenados pueden ser de

cuatro tipos:

a) Nitricos : aportan el nitrégeno entre el 11 y el 16% en forma de nitratos.
Ejemplos : NaNO3, Ca(NO3)2, KNO3.

b) Amonicos : aportan el nitrogeno en alrededor del 21% en forma de amonio.

Ejemplo : (NH4)2S04
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C) Amoénicos y nitricos: aportan el nitrégeno entre el 20 y 34% en formas de
. nitratos.y amonio. Ejemplos : (NH4)NO3, Ca(NHg)2 y (NH4)2504.

d) De Amidas : aportan en nitrdgeno entre el 21 y el 45% en forma de amidas.

Ejemplo : urea y cianamida de calcio. La accion de éstos es mas lenta pues

el nitrogeno amidico deberd transformarse en nitrégeno amédnico y de

nitratos.

El nitrato de amonio es uno de los fertilizantes nitrogenados mas empleados en la
agricultura, se obtiene industrialmente a partir del amonio y del acido nitrico y su
composicion en nitrogeno es del 33 al 34.5%. La produccion mundial de
fertilizantes nitrogenados crece constantemente. Las cantidades de aplicacion en
los paises desarrollados varian desde 120 hasta 550 Kg de N/ha en suelo
cultivable. En los paises en desarrollo, la cantidad promedio de aplicacién es de
30 Kg de N/ha, aunque paises como México y Cuba aplican 44 y 77 Kg N/ha,

respectivamente (Garcia et al., 1994).

La circunstancia de que las plantas no pueden utilizar completamente el nitrégeno
presente en el suelo como consecuencia de la aplicacién de fertilizantes, reviste
gran importancia para la economia y para la contaminacion de suelos y aguas,
tanto superficiales como subterraneas. De la cantidad de nitrégeno aplicado en los -
suelos, es aprovechado entre un 25 al 85%. La diferencia no contribuye al

desarrollo de la planta y genera contaminacion (OPS, OMS., 1980).
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Zonas agricolas de Yucatan y su fertilizacion

la evaiuacion de la calidad del agua subterranea en-regiones agricolas de
Yucatan, donde se utilizan agroguimicos, en especial los fertilizantes, es de interés
debido a que el agua subterranea es la Unica fuente de abastecimiento y debido al
entorno geolégico que facilita el arribo de los contaminantes al agua subterranea,
es muy susceptible a sufrir cambios en su calidad. Por sus caracteristicas
climatologicas y edafolégicas la porcion sur del estado de Yucatan, se ha
consolidado como una regidn agricola de importancia;, en ella, se desarrollan
programas tendientes a la mejor utilizacion del suelo para lograr una mayor
productividad (Figura 5). l.a produccion agricola:conlleva la utilizacion de grandes
cantidades de fertilizantes. Los principales fertilizantes utilizados en esta regién
son: la urea, los nitratos y sulfatos amoniacales, los superfosfatos simples vy triples,
los sulfatos y cloruros de potasio y el fosfato diamoniacal (Gobierno del Estado de
Yucatan, 1990; Pacheco y Cabrera, 1996; SAGDER, 1998). La época de
aplicacion de los fertilizantes queda a juicio y experiencia de los productores y se
desconoce la cantidad exacta utilizada de cada fertilizante, aunque su aplicacion
casi siempre es en exceso, debido a la creencia general de que esto asegura la
produccion. La dificultad para conocer la cantidad, el tipo y la dosificacion de
fertilizantes usados en el campo agricola, se debe a que dicha informacion no se
da a conocer de manera formal por las instituciones encargadas de la distribucion
y confrol de los fertilizantes en el estado de Yucatan. Asi, para 1989 se tienen los
datos publicados de comercializacion de fertilizantes en el estado de Yucatan

(Gobierno del Estado de Yucatan, 1990); para el aifo de 1995, se da la superficie
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fertilizada (INEGI, 1996) y para 1997, se da a conocer el precio de venta mensual
de los fertilizantes(SAGDER, 1998), informacion que no permite conocer {as dosis
de aplicaciéon para cada cultivo y por fo tanto, la cantidad aplicada en las areas

agricolas.

GOLFQ DE MEXICO
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Figura 5. Distribucion espacial de la actividad agricola en el Estado de Yucatan.

b) Excretas animales

Estos materiales, contienen grandes cantidades de sustancias nitrogenadas
susceptibles de convertirse a nitritos y posteriormente a nitratos.

El problema reviste caracteres mas agudos cuando la produccion es intensiva, asi
por ejemplo, si tenemos que un novillo de 450 Kg de peso excreta alrededor de 43

Kg de nitrdgeno por afio, entonces, un lote de engorda de 3200 cabezas producira

25



' 137.6 toneladas anuales, en una supetficie relativamente reducida, esto es, una
cantidad equivalente a la que producirian 27250 personas; considerando gue la
cantidad de nitrégeno en los desechos humanos es de 5 Kg por persona por afio
(Lewis et al., 1982). Por lo tanto, estos lotes de engorda se constituyen fuentes de
“superficie reducida” de arrastre de nitrogeno (Garcia et al., 1994). Solo el 10% de
estas excretas se reutiliza como abono en las tierras cultivables, pudiendo el resto
ser arrastrado hacia las aguas subterraneas. Se ha comprobado que la
concentracion total de nitrégenc en distintos arrastres de aguas pluviales puede
oscilar entre 50 y mas de 5500 mg/l, lo cual demuestra la existencia de un
problema considerable de contaminacion ambiental (Garcia et al., 1994).

La contaminacion directa de las aguas freaticas por los sistemas de produccion
pecuaria sigue siendo un problema relativamente localizado, que suscita
preocupacion principalmente cuando ésta se produce en las proximidades de las

fuentes de abastecimiento de agua potable (Pacheco et al., 1997).

La porcicultura en el estado de Yucatan

La porcicultura se inicia en Yucatan después de la conquista de América y hasta
los afos cincuenta, era considerada como de traspatio o familiar. El desarrollo de
esta actividad, esta directamente relacionado con los aspectos econdmicos vy
sociales de la zona henequenera, ya que cuando ésta enira en un proceso de
decadencia, el Gobierno del estado pone en marcha proyectos agropecuarios de
diversificacion. La porcicultura se agrupa en diferentes niveles de organizacion

gue van desde traspatio, las granjas o unidades de produccion de peguefa escala,

26



hasta el sistema intensivo con granjas aitamente tecnificadas. En el periodo
comprendido de 1970 a 1991, fas existencias de ganado porcino en el estado
pasaron de 113630 a 259910 cabezas, lo que equivale a un incremento del 128.7
por ciento, durante ese periodo. Drucker (1998) mostrd que en el estado de
Yucatan en donde la poblacidén porcina asciende a mas de 600000 UPAs
(Unidades de 100 Kg de peso vivo), se producen diariamente enormes cantidades
de aguas residuales (16700 m?), de las cuales, el 37% son descargadas en suelos
altamente permeables propios del estado sin algun tratamiento previo.

Los municipios gue sobresalen por poseer las mayores existencias de ganado
porcino son Meérida, Conkal, Acanceh, Uman, Progreso, Hunucma, Maxcan(,
Kanasin, Halacho, Motul, Tizimin, Valladolid, Chemax, Yaxcaba y Tekax (Figura
6), los que en conjunto representan el 61.4 por ciento del total estatal (INEGI,
1997).

Los principales componentes del agua residual de actividades porcinas son las
excretas (heces y -orina), agua del lavado de las porquerizas, alimento
desperdiciado y otras particulas que son acarreadas con el agua residual
(Taiganides, 1992). Es imposible soslayar el peligro que implica su vertido directo
e indirecto sobre el suelo, ya que por efectos de escurrimiento e infiltracion, tarde
0 temprano termina por contaminar el agua subterréanea. Esta contaminacion, es
debida al aporte de nitrégeno y bacterias coliformes, ya que el tracto intestinal del
cerdo contiene innumerables bacterias coliformes, considerandose que cada cerdo
evacua de 100000 a 400000 millones de organismos coliformes cada dia

(Pereyda, 1999).
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Figura 6. Distribucidn espacial de la actividad porcicola en el Estado de Yucatan.

c) Desechos municipales, industriales y del transporte

Las descargas de los desechos municipales e industriales constituyen fuentes
concentradas de compuestos de nitrogeno. Aun tratados, estos residuos
representan una intensa carga de contaminacién a las aguas, tanto superficiales
como subterraneas, pues el fratamiento secundario Gnicamente elimina cerca del
20%. El riesgo de contaminacion por nitratos provenientes de las unidades de
disposicion de excretas, in situ, se hace evidente si consideramos que el promedio
de nitrbgeno que flega al agua subterranea proveniente de una familia de 4

personas que descargue sus tangques sépticos en suelos arenosos es de unos 7.5
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Kg cada afio. Se estima que del 25 al 60% del total depositado, puede ser
arrastrado al agua subterranea (OPS, OMS, 1980).

El contendido de nitrogeno de los desechos industriales es sumamente variable;
las industrias del combustibie, la elaboracién de alimentos y las refinerias del
petroleo, pueden constituir fuentes importantes de contaminacion por nitrogeno. -
Los Oxidos de nitrogeno descargados a la atmésfera por fuentes artificiales, como
los automotores, la combustién de combustibles fosiles y los procesos industriales,
ascienden a cerca de 50 millones de toneladas por afio en escala global (OPS,
OMS, 1980). Otras fuentes locales pueden ser: ta fabricacion de acido nitrico, la

galvanoplastia y los procesos de fabricacion de explosivos (Garcia et al., 1994).

La fuente de nitratos al agua subterranea de mayor importancia en el estado de
Yucatan son los desechos municipales, pues no existe sistema de alcantariliado y
el agua residual es dispuesta en sistemas de fosas septicas en las regiones
urbanas y en la superficie del suelo, en regiones rurales. Asi, para la ciudad de
Merida que es la ciudad con mayor nimero de habitantes, la presencia de nitratos
en el agua subterranea es un efecto de la urbanizacién (Graniel et al., 1999).

Respecto a las otras dos fuentes, cabe mencionar que la industria de elaboracién
de alimentos es incipiente y las industrias del combustible y las refinerias del
petréleo, practicamente no existen. Ademas, los vehiculos automotores no son

causa importante, todavia, de la produccion de dxidos de nitrégeno a la atmdsfera.
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Efectos de los nitratos en los seres vivos

En el hombre, la metahemoglobinemia es el principal efecto toxico de la ingestion de
nitratos y nitritos. Los lactantes son el grupoe mas vuinerable por ia menor acidez de
su estémago; ademas, el sistema enzimatico que puede reducir metahemoglobina a
hemoglobina, es deficiente y por otro lado, la ingestion de liquidos en el lactante, es
mas elevada que en el adulto en relacion con el peso corporal (De Fernicola, 1989;
Pacheco et al., 1996; Canter, 1997). No obstante, que la caracteristica sobresaliente
de la toxicidad del nitrito es el desarrollo de la metahemoglobinemia, los nitritos
también pueden causar problemas de vasodilatacién y cardiovasculares (Canter,
1997); ofro peligro potencial a la salud, es la ingestion simultanea de.nitrito o nitrato y
aminas, que puede dar como resultado el desarrollo de cancer en muchos 6rganos,
por la formacion de nitrosaminas (Canter, 1997). Asimismo, las concentraciones
excesivas (mayores que 45 mg/l) de nitratos en el agua subterranea también
ocasionan problemas de salud en animales rumiantes, bovinos, ovinos y caprinos, de
todas las edades y en los animales monogastricos tales como aves, porcinos y
equinos, independieniemente de su edad (Chandler, 1989).

Un estudio desarroliado por Horn durante 1958 en Alemania y publicado por
United States Public Health Service (USPHS, 1962), establecié que las causas
primarias de la toxicidad por nitratos son: una concentracion mayor de 45 mg/l y la
presencia de una cantidad de bacterias formadoras de nitritos, especialmente en
ta parte superior del tracto digestivo. Estudios posteriores mostraron que algunos
miembros del grupo coliforme y del género Clostridium son capaces de reducir el

nitrato a nitrito (USPHS, 1962; Flores, 1993).
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Los resultados de estas investigaciones, han permitido establecer el incremento
del riesgo que conlieva la presencia simultanea del ion toxico y estas bacterias en
el tracto gastrointestinal, que fisiologicamente es el lugar en donde se da
preferentemente este proceso (Vigil et al., 1965, Walker, 1973; WHO, 1984).

En el estado de Yucatan, no se ha podido probar esta aseveracién ya que no se
han ilevado a cabo los estudios epidemiologicos correspondientes; sin embargo, el
consumo del agua subterranea con altas concentraciones de nitratos y bacterias
coliformes fecales conllevan un riesgo para la salud humana y animai.

En México, los limites maximos permisibles en agua potable establecidos para
prevenir y evitar la transmision de enfermedades gastrointestinales y otras, son

para nitratoé 45 mg/l y para organismos coliformes fecales cero UFC/100 ml o no

detectable NMP/100 ml (NOM-127-SSA1-1994).

Contaminacion bacteriologica

La presencia de bacterias coliformes fecales en aguas para beber es un problema
de salud publica mundial, ya que beber agua subterranea no desinfectada, supone
un riesgo de infeccién por microorganismos patdégenos.

Las bacterias coliformes fecales constituyen un subgrupo de todos los organismos
con mayor probabilidad de haberse originado en los intestinos y su presencia
indica una contaminacion reciente. De los tres grandes grupos que participan en la
etiologia de las enfermedades diarréicas, las bacterias comprenden la mayor
variedad de gérmenes distribuidas en cuatro familias, Enferobacteriaceae,

Vibrionaceae, Spirillaceae y Bacillaceae (Flores, 1993).
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lLas bacterias entéricas son los miembros mas importantes de este grupo de
bacterias. Estas han sido estudiadas-cuidadosamente debido a su importancia en
la salud humana y animal. El organismo mas estudiado en Microbiologia, la
Escherichia coli, pertene'oe a la familia Enterobacteriaceae. Otros miembros de
esta familia incluyen Shigella, Salmonella, Klebsiella y Enterobacter, los cuales
son patogenos. Estas bacterias tienen la capacidad del metabolismo respiratorio si
esta disponible el oxigeno molecular; y si éste no esta disponible, _cambian ala
fermentacidn como una estrategia metabdlica alternativa. Esto les permite crecer
bajo condiciones aerbbicas o anaerdbicas. La presencia de bacterias entéricas en
el agua sqbterrénea, implica la presencia de contaminacion fecal ya sea de
humanos y animales, gue han sido transportados desde la superficie del terreno.
{Chapelle, 2001).

En Yucatan, mas del 40% de casos de muerte en ninos menores a 6 afios han
sido atribuidas a las enfermedades gastrointestinales causadas por bacterias
patégenas transportadas por el agua subterranea (Dohering y Buttler, 1974).
Casares (1983), determiné un coeficiente de correlacion de 0.81 entre las
enfermedades gastrointestinales, los promedios anuales de precipitacion y las
temperaturas maximas. Por estas razones, la época de lluvias es también
conocida como la "época de diarreas" (Marin y Perry, 1994). Estudios recientes
han mostrado que esta situacion prevalece en el agua subterranea, tanto en zonas
rurales (Vazquez et al., 1997; Méndez et al., 1997), como en la urbana (BGS et al.,

1995).

32
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ABSTRACT

Limestone is the main rock type that underlies the northern Yucatan Peninsula,
and the region therefore characterized by karstic features and high permeability
and porosity. Rainfall infiltrates rapidly through fissures until it reaches the water
table. No surface waters exist in the area, except in sinkholes and at the coastal
margin, and the aquifer is the only source of water supply. The aquifer is also the
only place where waste waters are discharged, thereby contributing to the most

important water-quality problem of the entire Peninsula.
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For this study, approximately 380 water samples were analyzed for nitrate, using
both the brucine and the ultraviolet methods. These samples came from eight
shallow wells in a rural part of the northern Peninsula and were collected during
1983-86. Nitrate concenirations in 56 percent of the analyzed samples were
greater than 45 mg/L. These values exceed by several times the maximum
permissible levels established by both Mexican and U.S. health agencies and are
sufficient to cause methemoglobinemia in infants (blue béby syndrome). Nitrate
concentrations vary seasonally and are normally gratest during the rainy season.
Substancial differences in values of nitrate concentrations were observed in
groundwater from adjacent ‘wellsé, indicating local rather than regional

contamination.

INTRODUCTION

A system of fragile aquifers, which consists of a fresh-water lens overlying salt
water, is the only source of drinking water in the karstic plateau of the Yucatan
Peninsula (Dohering and Buttler, 1974). Central municipal sewage treatment
systems do not exist in Yucatan, and all human and agricultural wastes generated
by people living in the northern Peninsula are now discharged to the aquifer
without treatment, either directly from the surface or through shallow septic pits.
This situation constitutes a major water-quality problem.

Increasing nitrate concentrations in groundwater in various countries have been
observed by health authorities and engineers specializing in water analysis.

Regional characteristics have been directly related to such increments, e.g., terrain
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characteristics in karstic areas (Hem, 1971; Tryon, 1976), climatic conditions,
especially during dry and rainy seasons (Piskin, 1973; Walker, 1973; Katz et al.,
1980); inadequate waste disposal and certain agricultural practices (Walker, 1973;
Katz et al., 1980; Hill, 1982; Flipse et al., 1984; Lehr, 1985). Human health can be
affected when water containing high nitrate concentrations is ingested.
Consumption of this water can cause diseases such as methemoglobinemia in
children younger than six months (Young et al., 1976; Vigil et al., 1965) and
development of cancer in older children and adults (World Health Organization,
1984; Gass, 1978). In Mexico there are no recorded cases of methemoglobinemia
being the cause of death in children younger than one year old (Secretaria de
Programacion y Presupuesto, 1981).

The Mexican Standards for drinking water quality establish a maximum permissible
level of 5 mg/L as N-NO; (Secretaria de Salud, 1988) and the U.S. Public Health
Service has recommended a maximum permissibie level of 10 mg/L as N-NQO;
(Tryon, 1976; Piskin, 1973, Flipse et al., 1984).

The objective of this investigation is to describe the spatial and temporal
distributions of nitrate in groundwater in a small area of northern Yucatan
Peninsula Mexico. This study is a prelude to the development of strategies to
protect the aquifer from future nitrate contamination. Such protection is particularly
important because many inhabitants use untreated water from shallow open wells
for drinking water and other purposes. Both the Brucine and the ultraviolet methods
(American Public Health Association, 1981), were used for nitrate analysis of water

samples. These methods showed a correlation coefficient of 0.98 between them
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(Cabrera and Pacheco, 1987), which demonstrates that both methods are suitable.
The overall reliability of the data is demonstrated by charge balances for ionic
species analyzed. A mass-balance error of less than 5 percent was obtained in 96

percent of the samples analyzed.

STUDY AREA

The Yucatan Peninsula is in the southeastern Mexico. The study area is situated in
the northern Yucatan Peninsula south of the coast, as shown in Fig. 1. Included
are some small towns with fewer than 2000 inhabitants each. Within this area,
domestic water supplies are obtained from shaflow hand-dug weils. Water was
sampled from 103 shallow open wells; depth to water table ranged from 5.0-6.5 m.
These wells have an approximate diameter of 1 m, and are finished 0.5-1.0 m
below the water table.

The uppermost rock unit in the area is the Carrillo Puerto Formation of
Pliocene/Upper Miocene Age. This formation consists beds of mollusc fragments
and hard, massive limestone with fossil microfauna (Springall and Espinosa, 1972).
Most weathering consists of calcium carbonate dissolution and precipitation that
produces cavities and interconnected fissures. Therefore, the physiography of the
northern Yucatan Peninsula is a karstic one that allows rain to infiltrate rapidly to
the water table (Dohering and Buttler, 1974, Perry et al., 1989).

The groundwater flow direction is from the east-central part of the Peninsula toward

the coast (Lesser, 1976).

36



Gull of #Mevice

PRI EURIT EEASHTN

Frogeese part

e e STUDY AREA
21%00" . A
Meridla ciny ™

U.S.4,

2030

|
| o A YUCATAN STATE
{ \\
\\
[ .

Gulf of Mexico

2w

MEXICO

Pacific om

Figure 1. Location of the study area in the Yucatan state, Mexico.

The hydraulic gradient is very small, suggesting very high permeabilities (Marin
and Perry, 1994); Marin (1990) states that groundwater probably flows across the
southern part. On the basis of electrical soundings, Steinich and Marin (in press)
identified lateral permeability variations along the southern part.

The natural vegetation type in Yucatan is characteristic of semi-arid tropical zones
(caducifolius forest), with henequen as the main crop. The importance of henequen
in the economy is rapidly diminishing, and concentrated chicken and hog
production is increasing rapidly and may soon dwarf the pollution potential of small
villages. Some market vegetables are also grown in this region (Cabrera et al.,

1984). Average annual precipitation in the study area is 1,200 mm. most of which
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falls during the rainy season, between May and October. Between September and
April, the temperature range is 18-30°C, with an average value of 26°C (INEGI,

1992).

SAMPLING AND ANALYSES

A monitorihg network was developed during February and March of 1983 in 103
wells of a region encompassing the study area for determining the distribution. of
nitrogen as nitrate in groundwater. Specific criteria were used to select wells for a
long-term monitoring program. Whenever possible, wells were selected by location
and accessibility. Each well taps a shallow aquifer. In addition, wells supplying
drinking water to homes were preferred to irrigation and livestock wells. Such
limitations were imposed in order to ensure that water tested was derived from the
uppermost aquifer systems, rather than from the Yucatan aquifer (Pacheco, 1985).
Eight wells were selected on the mentionated basis and economical situation, and
comprehensive sampling for nitrogen as nitrate was completed each month during
1983-86.

During sampling episodes, the groundwater samples were acidified to pH of about
2 with sulfuric acid to prevent any reaction. Samples were transported to the
laboratory in a cooler and kept at a temperature of about 4°C until analyzed.
Analyses of nitrogen as nitrate were completed by the Brucine and uliraviolet
techniques. The technigue that was used depended on the availability of laboratory
equipment; due to some samples were analyzed by both techniques, and a good

correlation was obtained between the two {Cabrera and Pacheco, 1987). When the

38



Brucine technique was used, the nitrogen as nitrate tests were duplicated if
unusual color changes occurred that could have indicated operator error or

unusual water chemistry.

RESULTS AND DISCUSSIONS

Nitrate concentrations and spatial distribution

Nitrate concentrations in the 103 groundwater samples ranged from 0-223 mg/L.,
with an average value and standard deviation of 60+46 mg/L. Large variations in
concentrations were observed in wells that are only short distances apart, as
indicated in Fig. 2; this pattern suggests that nitrate enrichment in groundwater is
not a regional problem but a local one that is mainly due to the prevailing
conditions within or near specific wells. In 56.2 percent of the sampled wells, the
nitrate concentration exceeds 45 mg/L, which is the International drinking water
standard (World Health Organization, 1984), and only 15.7 percent of the wells had
a concentration less than 22 mg/L, the Mexican drinking water standard that was
recommended by the Secretaria de Salubridad y Asistencia in 1988. Results are

summarized in Table 1.

Seasonal distribution
Nitrate concentrations are generally highest when precipitation is highest (sumrher
and autumn), and the lowest in winter and at the beginning of spring, during the dry

season (Fig. 3).
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Figure 2. Distribution of nitrate content of groundwater in the study area.

Table 1. Results of nitrate analyses.

Nitrate concentration Percentage
Less than 22 mg/L 15.7
(Mexican drinking water standard)
Between 22-45 mg/L 28.1
Greater than 45 mg/L (Internationai 56.2
drinking water standard) J

This relationship was true during 1983-85; however in 1986, when the cumulative
monthly precipitation was less than 130 millimeters (Fig. 4), a tendency existed
toward decreasing nitrate concentrations until an almost constant value of 50 mg/L

was observed (compare Figs. 3 and 4).

40



Nitrate concentration (mg/L)

Nitrate concentra

600

th
=
=

400

300

200

100

Time

]

[

T f - \ \

Lol N AR e"! "'J

-

AW INE Vol et £

) H r.-=" VoG [

-+ [ — T e ¥ s 4

Aot |\ e wi s i A= - . AT -

Tk m\‘v u“"-;g.'_h%il p_.:ei'-.fvv i UMM LSS ;ti%.‘g;' E%%yﬁg‘%:uté:ﬁjg

= i "!r

1983 1984 1985 1986
Time

E.—“re]lﬁ = well § <~ well 7 ¥ well 8

Figure 3. Variation of nitrate content in groundwater, 1983-86.

41



350

300 +

mm Precipitation
ot o [
(&) ] en
= = (=]

[y

=

[~
f

th
(=
1

1983 1984 1985 1986
Time

Figure 4. Rainfall distribution, 1983-86.

Nitrate concentration in relation to chloride in groundwater

Linear regression analysis of the nitrate and chloride data from the eight wells
(through 1983-86) of the study area indicated a correlation coefficient greater than
0.35 in four of these wells (Table 2), these coefficients were significant at the 5
percent level. The correlation value above of 0.35, indicate that groundwater
probably has been affected by municipal and/or domestic wastes (Back and

Hanshaw, 1966; Piskin, 1973; Ritter and Chirnside, 1984).

42



Table 2

Linear regression analysis of the nitrate and chloride data.

Well Correlation coefficients
1 0.7520
2 0.2890
3 | 0.3880
4 0.8660
5 0.0325
6 0.5980
7 0.0471
8 0.1370

Nitrate concentration in relation to the most probable number of coliform

organisms.

Microbiological analyses of groundwater from the study area were carried out
during 1983. Total coliform organisms were present in all samples in a number that
exceeds the Mexican maximum permissible standard of 2 MPN/100 mL (Secretaria
de Salud, 1988). Values maximum permissible standard of 2 MPN/100 mi
(Secretaria de Salud, 1988). Values exceeding 8x10* MPN/100 mL of total coliform
organisms were recorded in June and July (Cabrera et al., 1984), the same time
that the higher concentrations of nitrates were recorded, as shown in Fig. 5. The

presence of both (coliforms and nitrates) is important , given that the primary
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causes of toxicity by nitrates are: 1) its presence in high concentrations, and 2) the
presence of a large quantity of the coliform and Clostridium groups (U.S. Public

Health Service, 1962).
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Figure 5. Relationship between groundwater nitrate content and the most probable

number of total coliform organisms.
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CONCLUSIONS

Concentrations of N-NOs3 less than 10 mg/L are common in wells in non-inhabited
parts of the study area. In contrast, most of the samples having more than 45 mg/L
N-NO3 occur in highly populated areas.

Fifty six percent of the groundwater samples from shallow weils had concentrations
higher than 45 mg/L N-NO;. Large contrasts in nitrate concentrations in
neighboring wells indicate that the high concentrations are due to local rather than
regional conditions.

Seasonal fluctuations in nitrate concentrations were observed in this region. Higher
values occurred during the highest rainfall period and lower values during the dry
season, because in the wet season the rainwater infiltrates rapidly through the
vadose zone to the water table.

High nitrate concentrations in combination with coliforms organisms are a potential
danger because of the possibility that existing bacteria could reduce nitrate to
nitrite in the human gastrointestinal tract.

Domestic animals and human wastes, as well as agricultural fertilizers, are the
most likely sources of high nitrate concentrations in groundwater. However,
analysis of stable nitrogen isotopes is needed to identify specific sources of
contamination.

In general, groundwater in the study area is classified as poor gquality water
because of its contents of nitrate and coliform organisms. The extensive |
contamination of the aquifer is attributed to the widespread availability of

contaminants and to the karstic terrain, which permits contaminants to move
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rapidly to the water table, This is the main health problem that is associated with

the hydrology of the state of Yucatan.
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RESUMEN

El acuifero karstico de Yucatan es al mismo tiempo la Unica fuente de agua para
abastecimiento y receptor de las aguas de desecho. El uso y consumo de esta
agua sin algun tratamiento ocasiona en los habitantes algunos problemas de salud
como son {a diarrea, gastroenteritis, infecciones del tracto urinario y septicemia. Ef
objetivo de este estudio fue determinar el grado de contaminacion bacteriolégica
en el agua subterranea de una regidn rural que carece de condiciones de
saneamiento. La técnica empleada para la determinacion de las densidades de
organismos coliformes totales y fecales fue la de fermentacion en tubos mduitiples;

ademas, se identificaron cinco géneros de la familia de Enterobacterias por medio
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de reacciones bioquimicas. Los resuitados mostraron que el comportamiento de
las densidades de los organismos coliformes totales y fecales, tuvieron el mismo
patron de comportamiento que las precipitaciones pluviales durante el periodo de
estudio y que dichas densidades excedian los limites maximos permisibles por la
Norma Oficial Mexicana. La media geométrica para las densidades de organismos
coliformes fecales estuvieron en el rango de 7320-12989 NMP/100 ml. Los
géneros de la familia de Enterobacterias que mostraron los porcentajes de
frecuencia mas elevados fueron la Escherichia, Serratia y Enterobacter y son los
responsables de algunos cuadros clinicos de gastroenteritis. Por lo tanto, esos
géneros deberian ser monitoreados de manera rutinaria en el agua de consumo.

PALABRAS CLAVE: Coliformes totales, familia de enterobacterias, Yucatan,

acuifero karstico.

ABSTRACT

The karstic aquifer of Yucatan serves both as the only source of drinking water and
the direct recipient of all sewage generated throughout the Peninsula.
Gastroenteritis, diarrhea, urinary tract infections and septicemia occur among the
inhabitants of the rural areas as a result of usage and consumption of untreated
ground water. In a rural region without sanitary facilities, multiple-tube fermentation
technique was used for the quantification of total and faecal coliform. Qualitative
isolation and identification by biochemical reactions was used to identify five tribes

of the Enterobacteriaeceae family. We find that the bacteriological behavior of total
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and faecal coliform closely follow the precipitation pattern and that their
concentrations exceeded the limit established by the Mexican Drinking Water
Norm, as it ranged between 7,320-12,989 MPN/100 m!. Escherichia, Serratia and

Enterobacter showed the higher percentage frequency occurrence values.

KEYWORDS: Coliform, Enterobactenaeceae, karst aquifer, Yucatan, Mexico.

INTRODUCTION

Most of the inhabitants from rural areas of developing countries lack adequate
sanitary systems and are exposed to diseases due to the presence of pathogenic
bacteria in ground water. The primary objective of monitoring drinking water is to
protect the health of the community by preventing the épread of waterborne
diseases. Drinking water supplies can easily become contaminated with coliform
and pathogenic bacteria in karstic terrain if care is not taken to treat and dispose
human and animal wastes properly. More importantly, the detection of any
organisms not previously observed or a marked increase in the number of a
specific pathogen in the source water may provide an early indication of possible
healith fisks (Singh and Mcfeters, 1992).

Réutine examination of water for pathogenic bacteria is expensive and time
consuming, and no single procedure is available that can be used to isolate and
identify individual pathogens. There is a growing body of evidence that suggests
that coliform indicators may not be entirely adequate to judge the safety of water

(Olivieri, 1982). For tropical waters, a number of studies have shown poor
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correlation between bacterial pathogens and coliform indicators. Escherichia coli
has been shown to have high survivability in tropical environments. Thus, coliform
indicators may be unacceptably conservative for estimation of human health risk
from fecal transmitied pathogens (Hazen et al., 1987). Several other studies have
shown that bacterial species other than Escherichia coli are often present in high
numbers in warm tropical environments. No alternative to the total and faecal
determination has been yet adopted.

The isolation of fecal coliforms, especially Escherichia coli, is of particular health
significance as these organisms have been generally reported as a causative
agent of gastroenteritis in humans. Salmonella spp. énd Klebsiella pneumoniae
have been identified in ground water. These species can cause a variety of human
diseases. This finding may imply human epidemiological hazards {Ogbondeminu et
al., 1994) if the ground water is used as the source of drinking water. Thus, the
presence in drinking water supplies of particular pathogens may serve to alert
health authorities with regard to a possible epidemic outbreak. Cholera, dysentery,
paratyphoid fever, infectious hepatitis, gastroenteritis and septicemia are among
the diseases, which are transmitted via faecal contamination of ground water. This
is particularly severe in areas where defecation occurs in the open and these
organic wastes near public water supplies. Many such diseases are common to
warm or tropical developing countries (Ogbondeminu et al., 1994) because the
optimum temperature for the reproduction of bacteria is around 37°C (Williams,

1980).
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- The presence of pathogens in ground water is particularly acute in tropical karstic
environments where high permeability of the rocks and the lack of topsoil.permit
the rapid growth and dissemination of the pathogenic bacterias in ground water. In
Yucatan, more than 40% of the deaths of children under six years old were
attribﬁtable to gastrointestinal disease caused by pathogens transported by ground
water (Dohering and Buttler, 1974). Casares (1983) determined a correlation
coefficient of 0.81 between gastroenteritis diseases, average annual precipitation
and maximum temperatures. Thus, the rainy season (May to October) is also
known as the “diarrhea season” (Marin and Perry, 1994).

fn Merida Yucatan, Mexico, a study carried out from July 1991 to April 1993,
showed that the absence of a city-wide system of sewers and the disposal of the
majority of the urban wastewater by septic tanks, soakaways and cesspits provides
the main pollution source and the principal ground water quality concern. Faecal
coliforms were commonly present in samples from dugwells and to a lesser extent
in water supply wells. The faecal coliform counts fluctuate seasonally, with the
lowest values observed in the drier season from January to April. The presence of
faecal coliform at concentration in excess of 1000/100 ml is a cause of great
concern (BGS, UADY, CNA, 1995).

Outside of the major cities domestic water is obtained from shallow hand-dug
wells; depth to water table ranges from 5.0 to 6.5 m. These wells have an
approximate diameter of one meter and are finished 0.5 to 1.0 m below the water
table. Because they are hand-dug, they tend to be located on the lowest point of

the property. Many inhabitants do not have latrines or other sanitary facilities.
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“Common practices include defecation immediately outside of their living quarters
(typically, less than ten meters away from their drinking water supply). Also, it is
common to find animals within the property, such as pigs, chickens, dogs, efc.

In this area, limestone bedrock is typically exposed on the surface. The upper part
consists of a hard impermeable caliche layer with cracks that allow for rapid
infiltration. Underneath this layer there is an unsaturated zone of eight meters
approximately, below which there Is a freshwater lens with an approximate
thickness of 45 meters underlain by salt water (Marin and Perry, 1994; Steinich
and Marin, 1996). As a result much of the combined human and animal waste
produced in these communities flows directly into the aquifer. Pathogens present in
fre:sh organic matter are able to migrate over short time spans into the ground
water.

Our study area is located in just north of the city of Merida (Figure 1). Included are
four small towns with fewer than 2,000 inhabitants each. Fifteen years ago, only
major cities had water supply wells. in the rest of the state, the drinking water still
comes from shallow, hand-dug wells. The ground water samples were taken from
villages which lacked any sort of sanitary facilities, and such is still the case today.
The only difference between 1983 and today is that the drinking water is now
supplied from the wells that feed Merida. However, because of the cost for this
service, the hand-dug wells are still commonly used. The hydraulic properties of the
aquifer are poorly known due to a well-developed karst system (Marin and Perry,

1994). The regional hydraulic gradient is low, on the order of 7-10 mm/km. Ground

water flow directions in the vicinity of Merida are south fo north (Marin, 1990).
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Normally, the rainfall season is from May to October, however, rains in a given year
~may start as early as April, or as late as June, with an average annual precipitation of

1200 mm. The average annual temperature is 26.3°C (INEGI, 1992).

The objectives of this study were: 1) to determine whether total and faecal coliforms
can be correlated with precipitation in a tropical karstic environment; 2) to determine
whether selective pathogens were present in the ground water; 3) to compare the
presence of total and faecal coliforms in both an urban environment with sanitary

facilities and a rural environment that lacks these facilities.

METHODS

The Facultad de Ingenieria has had an operating meteorological station from 1980 to
the present. Average monthly temperatures were analyzed to determine the range,
minimum, maximum, average, and standard deviation for the study period (Table 1)
(FIUADY, 1983).

A biological monitoring network was implemented. Ground water samples were
analyzed for the presence of total and faecal coliforms, as well as the following
organisms: £scherichia, Shigelfa, Edwarsiella, Salmonella, Arizona, Citrobacter,

Klebsiella, Enterobacter, Pectobacterium, Serratia, Proteus, and Providence.

Two hundred and seven samples of ground water were collected from 17 shallow
wells (Figure 1) each month during 1983. Ground water samples were taken

directly from the wells by means of a sterilized bottle fitted with a weight on the
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base, and careful attention was taken to avoid contaminating the sampie by any

surface scum.
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Figure 1. The study area and the sampling sites.
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Table 1. Average monthly temperatures for Merida for 1983.

Units are degrees centigrade.

Month Temperature

January 27.60 Max 37.9
February 29.00 Min 27.60
March 31.40 Average 33.35
April 34.00 Std Dev 2.50
May 37.90

June 36.40

July 34.20

August 34.80

September 34.20

October 32.90

November 31.60

December 30.50

Each sample was sealed, labeled and immediately iced (4°C) and transported to
the laboratory for bacteriological analysis. The most probable number (MPN) of
coliforms per 100 ml from ground water samples was determined by the multiple
tube fermentation technique. For total coliforms, selective lactose broth
fermentation tubes were incubated at 35°C for 24 h. An incubation temperature of
44 5°C (£0.5°C) was employed for faecal coliforms. In both cases, tubes showing
gas production within 24 h. were considered positive (APHA, AWWA, WPCF,
1980). Twelve genera from the Enferobacteriacceae family (Table 2) were

identified using an array of biochemical tests (Edwards and Ewing, 1973).
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Table 2. Ewing’s classification of enteric microorganisms.

N N a1 o= Genera
. Eschericheae Escherichia
Shigelfa
{l. Edwarsiefleae Edwarsiella
{f. Salmonelleae Salmonella
Arizona
‘ Citrobacter
1V. Klebsielleae Klebsiella
Enterobacter
Pectobacterium
Serratia
V. Proteeae Proteus
Providencia

From Smith (1977).

RESULTS AND DISCUSSION

The average monthly temperature and precipitation for 1983 is given in Table 1.
Basic statistics were also determined for this data set and are shown in Table 1.
The average monthly temperature for 1983 was 33.4° centigrade. Thus, the
temperatures recorded in the Merida region for 1983 support the growth of bacteria
(Williams, 1980).

The results for total and faecal coliform densities were expressed in terms of the
Most Probable Number (MPN per 100 ml) for each ground water sample and the
geometric mean for each month was calculated. The ground water in the study
area was characterized by total coliform counts which ranged from 1.57 x 10% per
100 ml to 1.71 x 10° per 100 ml and the faecal coliforms varied from not detectable
to 1.71 x 10° per 100 ml (Figure 2). Figure 2 shows an interesting temporal pattern
that supports the hypothesis presented by other authors (Doehring and Butler,

1974; Marin, 1990; Marin and Perry, 1994). as precipitation increases, so does the
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presence of faecal coliforms in the ground water. As it begins to rain, human and
animal excrement is washed into the low sections of the terrain (which also happen
tolbe where the hand-dug wells are located). Since the aquifer has a high hydraulic
conductivity, the infiltrating water containing the untreated organic waste, quickly
infiltrates into the aquifer through cracks, fissures, etc. The values reported in this
study well exceeded the permissible limits according to the Mexican Drinking
Water Norm which aliows for two MPN per 100 mi for total coliforms and “no

detectable” MPN per 100 mi for faecal coliform (NOM, 1994).
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Figure 2. Seasonal fluctuations of geometric mean total and

faecal coliform densities at all sampling sites.
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The presence of large counts of both total and faecal coliforms in the ground water
supply wells of rural Yucatan lacking sanitary facilities is critical. These .
communities now have drinking water supplied from the city of Merida, the lack of

sanitary facilities remain.

The bacteria speciation studies were conducted at the genera and species level, -
as follows:

Tribe_|. Eschericheae. Escherichia coli (Fig.3, No.1), was found throughout the

study period, their presence percentage varied from 40 to 97. This bacteria are the
most common cause of pyelonephritis and urinary fract infections and an important
cause of epidemic diarrhea for newtl:)orn infants (Smith, 1977). Shigeffa (Fig.3,
No.2), was only detected in October (6%) and suggests a casual incidence. All
species of this pathogenic bacteria can cause dysentery, especially the Shigella
dysenteriae specie { Smith, 1977).

Tribe Il. Edwarsifleae. Edwarsiella genera (Fig.3, No.3), had an average incidence

of 23% for the study period except for January and April. Biochemical
characteristics are simitar to Saimoneffa genera (Fig.3, No.4), and some strains
can cause gastroenteritis in humans (Smith, 1977).

Tribe 1ll. Salmonelleae. Salmonelfa genera (Fig.3, No.4), were detected in the

following range: 0-40% with the higher values during February through August. The
occurrence of Salmonelfa, which has the ability to cause a variety of human
diseases such as typhoid, is particularly worrisome. Arizona was detected 10% for

the months of M-ay through October. Citrobacter genus (Fig.3, No.5), occurrence
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varied from 18 - 80% and was present in all ground water samples during the
period. These pathogenic bacterias have similar biochemical characteristics as
Sallmonella and may be responsible for some cases of gastroenteritis or
septicemia (Smith, 1977).

Tribe V. Klebsilleae. Klebsiella and Pectobacterium genera were not found.

Klebsiella could be masked by Enterobacter and Serratia due to their biochemical
similar behavior (Smith, 1977). Enterobacter and Serratia (Fig.3, Nos. 7 y 8),
genera were found in all ground water samples during the study period with the
following percentage frequency occurrence: 30 - 95% and 22 - 84%, respectively.
Some strains of Enferobacter aerogenes specie can cause urinary tract infections
and septicemia and Serratia marcescens specie can cause septicemia (Smith,
1977).

Tribe V. Proteae. Proteus genera (Fig.3, No.9), were found throughout the study

period except in December. Their presence was observed in a frequency range
from 6 to 84% and Providence (Fig.3, No.10), was found during the months of May
through July. Some strains of this genus can cause urinary tract infections, as well

as diarrhea and septicemia (Smith, 1977).

The bacterial speciation studies show that all twelve species tested for were
present in the ground water. Species which cause the greatest concern are
Escherichia, Shigella, and Salmonella because they are responsible for all types of

gastrointestinal diseases.

63



! I T IRE | i

188 . _
Maximum

Upper quartile

L
b L

Median | ]

T

Lower quartile

s

' |
SN U

Minimum .

se |- Exceptional i A ]

+ value

] 1H
B LT f

- e
ol _ ] |
| i L 1 l | | | l |
1 2 3 4 5 6 7 8 9 ia

Figure 3. Percentage frequencies of the Enferobacteriaceae family.

For comparison with an urban environment where sanitary facilities exist, we used
the data from BGS, UADY, CNA (1995) for Merida. Marin (1990) has shown that
ground water flow in the vicinity of Merida is from south to north. We plotted the
total coliform MPN count for Merida (from the BGS, UADY, CNA, 1995) together

with our data. The origin was taken at Merida. Figure 4 shows that the geometric
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means of the MPN per 100 m! counts of the fecal coliforms in the study area are
orders of magnitude higher than those of Merida (413 against 7320, 12018 and

12989).
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Fig. 4. Faecal coliform bacteria in ground water from Merida and the study region.

Further downstream the MPN increases. This may be due to the “local” production
of total coliforms plus the contribution from the upgradient area. The lack of
sanitary facilities for the rural communities is a tremendous source of
contamination. One suggestion that may help significantly to reduce the faecal
coliform concentrations is building sanitary outhouses, which consist of digging a

shallow hole, and using lime to eliminate bacteria.
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CONCLUSIONS

Total and faecai coliforms in the ground water of rural Yucatan show a close
relationship, supporting the hypothesis that the coliforms contaminate the ground
water by infiltration. The highest MPN per 100 m! counts of total and faecal
coliforms were found in a rural environment that lacked sanitary facilities in 1983.

Piped water is now supplied from Merida, but no sanitary facilities are available.

Three species of pathogens that have been closely linked with serious
gastrointestinal diseases were identified in ground water just north of Merida.
These are Escherichia, Shigefla, and Salmonefla. These bacteria endanger the
rural populations, and particularly, the young (i.e. children less than five years old).
The high coliform bacteria densities and the faecal component suggest that animal
and human wastes form a significant portion of domestic pollution which is leaching

directly to water table in karstic regions.

A comparison between the sources from Merida, a city with sanitary facilities, and
a rural environment suggests that the presence of these pathogens can be
eradicated with proper sanitary facilities. The conditions described for the study
area are still common throughout the state of Yucatan, and many inhabitants
continue to be at risk from pathogens found in the ground water, particularly during

the rainy season.
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ABSTRACT

The nitrate concentration in 12 water-supply wells were monitored for the period
April 1992 to March 1993. Each water-supply well was sampled once a month. The
nitrate concentrations in the 12 wells ranged from 7 to 156 mg/l. Two water-supply

welis (Chacsinkin and Peto) showed concentrations that reached 3.5 times the
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maximum permissible limit for the Drinking Water Standard (45 mg/l). A third water-
supply well (Akil) exceeds the norm for 7 out of 12 months. The use of nitrogen-rich
fertilizers are responsible for high nitrate concentrations in groundwater in the

southern part of Yucatan, Mexico where intensive agricultural practices exist.

Key words: Agricultural practices, Groundwater contamination, Karst, Nitrate

INTRODUCTION

Agriculture can degrade groundwater quality through the use of fertilizers and
pesticides. The most common contaminant identified in groundwater is dissolved
nitrogen in the form of nitrate (Freeze and Cherry 1979) and the primary origin of
the contamination by nitrates is undetermined in most cases (Wells and Krothe
1989). Transport of nitrate ions from their source to the aquifer depends on many
hydrogeologic factors. Carbonate aquifers have great potential for groundwater
contamination because of the presence of numerous fractures and solutions
cavities that permit rapid infiltration. They also lack physical and chemical
attenuation mechanisms commonly associated with laminar granular flow through
unconsolidated sediments (Kreitler and Browning 1983).

Agriculture is one of the predominant activities in Mexico. The farming techniques
employed throughout the country are divided in two types: highly sophisticated
technigues, which include state-of-the-art water distribution systems, and the
traditional' manual labor-intensive practices from the turn of the century. Both

groups, but particularly the latter, have recently discovered the benefits of using
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pesticides to control unwanted pests and fertilizers to increase crop yields. Little

understanding of the limitations of both types of products has resulted in-an-

indiscriminate use of both and, as a consequence, ground and .surface waters are
being impacted throughout these irrigati.on districts. In this paper, the authors focus
on the latter. The basic idea that farmers have is that the use of fertilizers result in
better yields. Thus, if the recommended doses are increased, their yields will
increase even more, without realizing that the excess fertilizer is only washed
away. Despite the efforts of federal agencies, it has not been possible to convince
the farmers in the agricultural districts to reduce their fertilizer loads. Clearly, this
also would have an important immediate financial benefit. Red‘ucing the cost of
fertilizer use lowers the cost to produce the crops. As a result of this practice, it is
expected to find high nitrate concentrations in areas where agriculture is

predominant.

The nitrogen cycle has been described extensively in the literature. Thus, it is only
briefly discussed here (Freeze and Cherry 1979). Nitrates occur in surface waters,
shallow wells, and deep wells; shallow wells, however, -usually contain the highest
levels because of the heavy concentrations found in runoff and their proximity to
living plants that fix nitrogen. Excess nitrogen that is not required by the plants,
however, is leached downward into the shallow aquifers by rainwater. Additional
nitrate and ammonia enter water supplies from runoff and leaching. Ammonia is
present as a result of the application of ammonia containing fertilizers and animal -

waste. Ammonia is a transitory part of the nitrogen cycle. Organic nitrogen breaks
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down to ammonia by bacterial activity and is then transformed into nitrate
(nifrification). Topically applied ammonia fertilizer follows the same .steps
(Chandler 1989). Nitrate is stable in groundwater due to the dissolved oxygen
(Hamilton and Helsel 1995) and in the study area had an average concentration of
4.89 mg/l (Pacheco 1994), and it is highly mobile because it does not interact with

the matrix materials (Bulger and others 1989).

The maximum nitrate level for drinking water established by Mexican standards
{Secretaria de Salud, 1996) is 45 mg/l as nitrate. High nitrate levels in drinking water
are of concern because of an infant disease, methemoglobinemia, commonly known
as “infant cyanosis” and human cancer (Vigil and others 1965; Bouchard and others
1992). Doehring and Butler (1974) showed that >60% of the deaths of children under
6 years of age in Yucatan are caused to pathogens transported by groundwater.
Untreated sewage in the larger cities in Yucatan is discharged into septic tanks that
are finished 3-5 m below the land surface. in the smaller towns, many of the houses
do not have any sanitary facilities and defecation occurs out in the open. This
untreated sewage typically infilirates rapidly into the shallow aquifer through joints,
conduits and fractures (Pacheco 1994; Marin and Perry 1995). A common approach
throughout Mexico is to boil the water to kill pathogens transported in the water.
Pacheco and others (1996) have shown that boiling water, while it may kill bacteria,
also concentrates the nitrate ions in solution. Since boiled water is used to prepare
milk for infants, this practice is also worrisome, and thus, it should be discouraged.

The authors suggest both the treatment of water with chlorine, for bacteriological
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water quality assurance, and the promotion of natural lactation to reduce bottle-fed
babies. Alternative techniques such as source replacement, borehole abstraction
modification, etc., are expensive to implement.

The land surface of Yucatan is practically flat (30 m difference in elevation in 100
km), the only major relief feature is located in the southern part of the state. A low
range of hills, known as the Sierrita de Ticul, extends 120 kilometers from the
south-eastern part of the state near to the border of Campeche. Characteristic
vegetation is Simorfia fructicefum and the soils are relatively thin and overlie the

limestone and evaporites of the Paleocene and Eocene age (Velazquez 1986).

The hydrogeology of the eastern coast of the Yucatan Peninsula has been studied
extensively by Back and Hanshaw (1970), Weidie (1982), Stoessell and others
(1990), Moore and others (1992), and Alcocer and others (1998); but the
hydrogeology of the north-western part of the Yucatan Peninsula has received little
attention until recently (Perry and others 1889, 1990, 1995; Marin 1990; Marin and
others 1990; Steinich and Marin 1996, 1997; Steinich and others 1996). Back and
Hanshaw (1970} called attention to important characteristics of the hydrogeology of
Yucatan such as the high permeability found in this area and the presence of a
saltwater wedge that extends tens of kilometers inland. They observed that no
integrated drainage system existed in northwestern Yucatan, and that no rivers
exist in this part of the Peninsula. They inferred a low gradient of the water-table
(based on the very low topographic relief), a high permeability of the aquifer, which

they suggested probably contains large interconnected openings, they assumed
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that no confining beds were present (because of the thin fresh water lens) and
suggested that groundwater flowed in a north-north-eastern direction. The uppef
geologic section of the northern Yucatan Peninsula consists of nearly flat-lying
carbonate and evaporite rocks and sediments (Lopez-Ramos, 1973).

The upper hundreds of meters of rocks consist of almost pure carbonate rocks and
evapotites, which when dissolved leave little or no residue. As a result, the aquifer in
north-west Yucatan, consists of a shallow, thin fresh water lens (less than 45 m)
which is underlain by saline water of dual origin (sea-water intrusion and dissolution
of evaporites) and this penetrates >110 km inland (Perry and others 1995; Velazquez
1995; Steinich and Marin 1996). This aquifer is the sole source of drinking water
because no surface: drainage exists. The aquifer is unconfined, except for a narrow
band parallel to the coast (Perry and others 1989). The potential for contamination of
this aquifer is very high since there is a thin to non-existent soil cover (Marin and
Perry 1995). High nitrate concentration in shallow groundwater (0-223 mg/l} have
been reported just North of Merida (Pacheco and Cabrera 1997). The southemn
portion of the Yucatan is potentially vulnerable to nitrate contamination because of

extensive agricultural activities. Within the southern part of the state lies an important

agricultural zone. Crops grown here regularly include citrus fruits, corn and peanuts.

The types of fertilizers used in this area are urea, ammoniacal nitrates, and potasium
chlorides and sulfates (Pacheco and Cabrera 1996) and are commonly applied
during the early growing season, just before the rainy season starts (typically May-

June). Excessive applications of fertilizers and pesticides above the amounts needed
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for plant growth have been used in this area (Cobos 1996), which may increase the
nitrate content of groundwater. Animal wastes and leakage from septic tanks are also
potential sources of nitrate in this area (Pacheco and Cabrera 1997). The study area
(Fig. 1) is located in southern Yucatan, Mexico, in a predominantly rural area.
Because of the high permeability of the rocks, the rainfall percolation is rapid resulting
in scarce surface runoff. The dominant land use is agriculture and the statistical
average annual precipitation is 1200 mm, 50 % of which falls during the rainy season
from June to eariy October (INEGI 1996). Groundwater is pumped regularly from
October through May/June, which typically corresponds to the dry season. During the
rainy season, no pumping is necessary for agricultural practices because the
precipitation is sufficient to meet the crop needs. Because the only source of drinking
water for north-west Yucatan is the sole-source aquifer (Marin 1990; Steinich and
Marin 19986), and the water-supply wells for the inhabitants of southern Yucatan lie in
this zone, we wanted to evaluate the nitrate concentration to determine whether there

was a negative impact on the water quality in this zone as a result of the current

agricultural practices.

Objectives

The objectives of this study were to (1) elucidate the source of nitrogen in the
groundwater in southern Yucatan; (2) determine whether water-supply wells
located within the irrigation district were being negatively impacted by nitrogen
loading because of the application of fertilizers, and (3) determine the spatial and

temporal patterns with respect to nitrate concentrations.
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METHODOLOGY

Water-supply wells in Yucatan are typically drilled to 50 m below the land surface
with a 30-cm inside diameter of screened iron pipe. The unsaturated zone in this
area lies within the range of 20-25 m below the land surface.

Permission to take water samples on a regular basis was only granted at 12
municipal water-supply wells (Fig. 1 and Table 1). Initially, it was decided to collect
one set of water samples per month at each of the wells. Out of a possible 144
samples, it was only possible to collect 134 (Table 1).

This was primarily because of well malfunctions, lack of electricity, or restricted
access to the well. Before each sampling event, 1-liter polyethylene bottles were
washed with a 5% solution of hydrochloric acid and rinsed gently with tap water,
and then finally rinsed with distilled water. Wells were pumped for 10 min so that
the water sample was representative of the aquifer and the water samples were
collected before the chlorinating system. Field determinations were pH,
temperature, specific conductivity and dissolved oxygen.

Field determinations were pH, temperature, specific conductivity and dissolved
oxygen. During each one of the sampling episodes, the samples for nitrate analysis
were acidified to a pH of about 2 with sulfuric acid to inhibit bacterial activity.
Samples were transported to the laboratory in a cooler and kept in a dark
refrigerator at 4°C until analyzed. The nitrate concentrations were determined in
the laboratory using the ultraviolet technique, which is suitable for water with a low
concentration of organic matter (APHA, AWWA, WEF 1992). In this area the

average concentration for organic nitrogen is 0.66+£0. 5 mg/l (Pacheco 1994). The
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ion balance for 125 samples of the total groundwater samples (134) were less than

5% and remain were between 5-10%.
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Figure 1. Map showing study area in Yucatan Peninsula, Mexico.

RESULTS AND DISCUSSIONS |

in Yucatan, there are two possible main sources for nitrogen. These are untreated
domestic and animal sewage and nitrogen-rich fertilizer. One way to identify on the
origin of the nitrate is to examine the NO3/Cl and the K/Cl in the groundwater. The
sources in the study are for chioride and potassium are sea-water intrusion and

anthropogenic sources.
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Table 1
Groundwater nitrate concentrations (mg/l) in the study area (April 1992 — March 993)

WELL APRIL MAY JUNE JULY AUG. SEP.
AKIL 57.2" 56.2* 54.0* 48.0* 336 37.8
CHACSINKIN 131.1* 132.0* 116.7* 109.6" 59.4* 70.1*
DZAN nd 31.6 24.2 30.1 nd 251
OXCUTZCAB 22.2 203 nd 17.7 11.8 15.0
PENCUYUT 1450 41.7 nd nd 729.9 32.4
PETO 114.9* i11.8* 100.4* 93.3" 54.7" 65.6"
MUNA 259 Nd 221 225 15.8 nd
STA. ELENA nd 24.8 21.9 22.0 14.7 17.0
TAHDZIU 33.3 31.3 28.10 27.0 18.8 250
TEKAX 18.5 18.1 15.90 16.4 12.5 7.3
TICUL 305 27.0 22.20 232 11.8 229
TZUCACAB 36.5 43.1 33.50 nd 226 281
WELL OCT. NOV. DEC. JAN. FEB. MARCH
AKIL 35.8 325 48.2* 51.4~ £62.3" 65.7~
CHACSINKIN 28.3 80.7* 62.10 64.2" 153.8* 155.5*
DZAN 29.2 24.5 37.80 40.4 48.7* 446
OXCUTZCAB 18.8 167 24,60 224 257 271
PENCUYUT 24.8 23.5 45.50 47.2% 45.9* 54.9*
PETO 28.2 60.2* 63.90 64.8" 136.2" 150.27
MUNA 223 Nd 24.30 26.5 32.7 33.1
STA. ELENA 213 200 24.80 206 296 31.1
TAHDZIU 18.7 30.6 33.80 36.3 352 40.7
TEKAX 12.4 19.8 19.20 218 194 250
TICUL 22.4 21.0 | 26.20 29.2 36.9 -34.2
TZUCACAB 209 226 34.20 37.4 27.2 414

nd no determined,
*Nitrate concentration that exceeded the Drinking Water Standard (45 mg/l).
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Aguifers contaminated by sewage commonly have a concentration of chloride
higher than the water from .the potable portion of the aquifer. Linear regression
analysis with a significance level of 5%, were calculated to examine the
relationship between nitrate .and chloride data from the twelve wells (Table 2).
Correlation values above 0.35, indicate that groundwater has been affected by
municipal and/or domestic wastes (Piskin 1973; Back and Hanshaw 1974, Ritter -
and Chirnside 1984). Table 2 shows that three of the water supply wells had a r?
value greater than 0.35 (Ticul, Tekax, and Dzan) and the other nine, had values
lower than 0.35, all data at a significance level of 5%.

Velazquez (1995) showed that the K/CI ratios in groundwater from northwest
Yucatan are similar to those of sea-water. The K/Cl ratios for the study area are
significantly higher than those for sea-water suggesting that there is an additional
source of potassium. As the carbonate rocks and evaporites are not a ready
source of potassium, an anthropogenic source is a plausible alternative,
particularly as potassium is one of the ingredients in fertilizers.

The average potassium vs. chloride groundwater concentrations in the study area
are shown in Figure 2. These data were chosen as representative for the whole
sampling period. A iine was drawn to show the K/Cl for dilute seawater.

All samples have ratios that are above the dilute seawater line suggesting that
there is another source for potassium. The nitrate vs. chloride ratio suggested that
in only three of the 12 water supply welis there is a contribution from the sewage.
Thus, the authors conclude that the main source for the high nitrate concentrations

in groundwater is due to the use of nitrogen-rich fertilizers.
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Table 2. Statistics summary and linear regression of the nitrate and chloride.

Nitrate (mg/) Chloride (mg/l)
Wells | Average |Minimum | Maximum | Average | Minimum | Maximum R® |
Akil 48.56 32.50 65.70 275.31 | 264.09 294.85 0.17
Chacsinkin | 95.29 28.30 155.50 111.52 93.80 125.12 0.00
Peto 87.02 28.2 150.20 29472 + 25014 400.23 0.02
Oxcutzcab | 20.20 11.80 27.10 16253 | 150.28 177.49 0.19
Tekax 17.28 7.30 25.00 25184 | 234.06 271.58 0.55
Sta. Eiena | 22.52 14.70 31.10 28549 | 265.32 390.00 0.17
Tahdziu 29.88 18.70 40.70 128.46 84.46 144 .52 0.09
Ticul 25.62 11.80 36.90 229.95 | 159.59 27352 0.42
Tzucacab 31.59 20.9 431 47343 | 435.89 507.26 0.08
Dzan 3342 24.20 46.70 280.70 | 266.81 296.79 0.43
Pencuyut 39.08 23.50 54.90 101.25 47.53 127 .48 0.18
Muna 25.02 15.80 | 33.10 450.59 | 195.86 514.93 0.23
1.40
1.20
1.00 mPeto
an
8‘0.80 Chacsinkin
<]
éo-eo _ Pencuyut Diluted seawater
N uTahdziu szucacab d‘!/'.
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0.00 =—"
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Cl (med/l)

Figure 2. K/Cl ratio from groundwater samples in the study area.
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Nitrate levels ranged from a minimum of 7.43 mg/l in Tekax to a maximum of 156
mg/l in Chacsinkin (Figs. 3a and 3b; Table 1). Seven water supply wells comply -
with the Mexican Drinking Water Standards (DWS) throughout the year. These are:
Oxcuztcab, Muna, Santa Elena, Tahdziu, Tekax, Ticul, and Tzucacab. The other
five wells: Akil, Dzan, Pencuyut, Chacsinkin and Peto, are out of norm for different
periods of time throughout the year (Table 1).

Chacsinkin and Peto exceeded the DWS for eleven months (only during October
was the nitrate concentration within the DWS).

Seasonal trends in nitrate concentrafions showed a strong correlation with the
precipitation. Two inflection points may be observed in the precipitation vs. nitrate
concentration plots (Figs. 3a and 3b). The first is when the nitrate concentrations
start to decrease, corresponding to the month of June, and the second, when the
nitrate concentrations start {o increase, corresponding to the month of December.
Although the wet season is normally considered to be from June to QOctober, the
period from the end of October through February could receives additional
precipitation from tropical storms. Thus, for this study, the average nitrate
concentration during the rainy season was calculated for the period June through
November and the nitrate concentration for the dry season was calculated for the
remaining months (Table 2). The higher concentrations are found during the period
of low rainfall. During the period of rainy season, nitrate concentration decreased

(Figs. 3a and 3b) due to a dilution effect.
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Due to the high permeability of the area, the authors propose that groundwater,
rich in nitrate ions, is diluted by the low salinity rain water. All twelve sample welis,

show an interesting temporal pattern.

A dilution/concentration effect can be observed between the nitrate concentrations .
and precipitation. The aquifers, except for Chacsinkin, Peto, and Akil, are probably
in a quasi steady-state situation with regards to the nitrate inputfoutput. During the
rainy season, though, the rainwater infiltrates into the aquifer, diluting the nitrate

present in the groundwater.

Two background nitrate levels may be determined for each water supply well. The
two most dramatic cases are the wells from Chacsinkin and Peto (Fig. 3a), whose
decrease in nitrate concentration between the dry and wet season is dramatic. It
varies between 116 to 74 mg/i and 107 to 67 mg/l nitrate, respectively. The other
ten wells show changes that oscillate between the dry and wet seasons from 14 to

20.5 mg/l nitrate (Tekax) and 40 to 57 mg/l (Akil).

Table 3 shows the average nitrate concentration for the wet and dry seasons.
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Table 3. Average nitrate concentrations for the dry and wet seasons.

WELL DRY SEASON | WET SEASON
Akil 46.91 40.89
Chacsinkin 123.00 66.80
Dzan 35.40 31.74
Oxcutzcab 20.80 18.57
Pencuyut 43.48 35.56
Peto 109.00 63.73
Muna 25.35 22.99
Sta. Helena 2402 20.60
Tahdziu 30.63 27.66
Tekax 18.11 15.87
Ticul 26.54 22.86
Tzucacab 34.05 28.55

CONCLUSIONS.

The main sources of nitrate in southern Yucatan are nitrogen-rich fertilizers with a
smaller contribution from untreated domestic and animal wastes. Nitrate
concentrations in twelve water supply wells show a temporal pattern in response to
rainy season. A dilution effect is observed by infiltrating rain water as it mixes with
nitrate rich groundwater.

Two background nitrate concentrations are observed for the 12 water supply wells,
one for the dry and one for the wet season, respectively. The two cases with the
highest nitrate concentrations are Chacsinkin and Peto, with the following

concentrations: 116 to 74 and 107 to 67 mg/l, respectively.
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Water supplies wells from Chacsinkin and Peto, show concentrations that are 3.5
times above the maximum permissible limits. A third water supply well - Akil, exceeds

the maximum permissible concentration for seven months out of the year.

This situation is clearly unacceptable. New wells finished at a greater depth are not
a viable option since it is likely that it will only draw the contamination deeper into

the aquifer.

The authors suggest that an alternative source of water for these towns is needed
as well as a continued effort to advise farmers as to proper use of fertilizers.
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6. EFECTO DEL USO DE LA EXCRETA DE CERDO COMO FERTILIZANTE EN
LAS CONCENTRACIONES DE NITRATOS Y BACTERIAS COLIFORMES

FECALES EN EL ACUIFERO CARSTICO DE YUCATAN, MEXICO.
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ABSTRACT.

Organic wastes, especially animal manure, have long been used as source of
nutrients for crops. However, such materials add certain difficulties regarding
nitrogen and pathogens. The portion of Yucatan Peninsula chosen for this study is

a potential area for nitrate groundwater contamination because the porcine dung
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activities, the karstic aquifer and the lack of soils of considerable thickness.
Routine sampling was carried during January 1997 to June 1999, in order fo study
the effects of porcine manure applications in an agricultural papaya (Carica
papaya) field on the groundwater quality. Groundwater samples were analyzed for
their major ions and fecal coliform bacteria density. Peak values of nitrate in all
wells may be observed with up to 88 mg/l above the background value. Respect to
bacteriological contamination, a little increase of coliform density was observed
during heavy rain episodes because a bacteriological shallow well contamination
exists in the region. The routine observation of the nitrogen content in porcine
manure, the nitrogen uptake for growing plants and the nitrate concentration in
groundwater samples may optimize the application of organic fertilizer and reduce
major leakage events of nitrogen towards the aquifer and prevent nitrate hazards

within groundwater.

Key words: karst, waste disposal, agriculture, groundwater quality, contamination.

INTRODUCTION.

The high input of nutrients through the use of fertilizers, manure and animal feed
make it possible to reach high levels of agricultural production. However, high
nutrient input may also result in large nutrient losses and thus have adverse effects
in groundwater, surface water and the atmosphere (Neeteson 2000).

Increase in the concentration of nitrate in groundwater is becoming a world-wide

problem and is commonly ascribed to one or more of three factors associated with
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- modern farming methods:l('l) increased fertilization, (2) increased animal waste
and (3) increased cultivation (Heaton 1985).

Organic wastes, especially animal manure, have long been used as source of
nutrients for crops. Animal manure, sewage sludge and other organic wastes are
often applied to agricultural land because this offers a convenient method for
disposal. In addition, their use can be financially advantageous to the farmer as
subsequent crops may require less inorganic fertilizer. However, such materials
add certain difficulties to those encountered with inorganic fertilizers, particularly
regarding nitrogen and heavy metals (Powlson et al. 1989).

During the decomposition of manure, nitrate i§ the main end product from the
nitrogenous portions of the manure, and may accumulate to very high
concentrations in the soil. Several unfavorable conditions- may develop in soil and
groundwater as a result of high nitrate concentrations. The movement of nitrate
through the soil profile varies with soll, climate and management. Generally, nitrate
will move through porous, well-drained soils with water from either rainfall or
irrigation (Smith and Peterson 1982).

Manure and slurries are an excellent source of nitrogen that should not be wasted:
the main problem by using it as fertilizer, however, is finding out how much
nitrogen they contain. No unique value may be given since different animals
produce different manure because they have different physiology, anatomies and
diets (Addiscot et al. 1991).

The increase in soil mineral nitrogen resulting from the application of animal

manure is closely related to the soluble N-content of the manure. The risk of nitrate
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leaching after manure applications will _depend upon this increase in soil mineral
nitrogen, upon soil type, the crop cover, and 's.ubsequent rainfall. The effective
drainage volume is ~as important in determining‘ nitrate - concentratidn in
groundwater as is the total quantity of nitrates leached (Unwin and Smith 1995).
The matrix flow also plays an important role in nitrate ieaching over a longer period
of time. With each rainfall event, the nitrate front in the matrix is displaced by
infiltrating fresh water and as a consequence moves further down (Igbal and
Krothe 1995).

Nitrate has been identified as the major contaminant in many groundwater
systems. Ingestion of high concentratipns of nitrate has shown to cause
methemoglobinemia and has been linked to gastric cancer (DiGnazio et al. 1998).
The maximum level of nitrate in drinking water established by Mexican Standard is
45 mg/l according to U.S. Public Service (SSA 1996; Flipse et al. 1984).

The Peninsula of Yucatan is located in southeastern Mexico. Its shallow karst
aquifer is the only source of fresh, potable water for i.ts population. Pacheco et al.
(2001) reported that the principal source of high nitrate levels in groundwater
beneath the main agricultural region in Yucatan, was the leaching of nitrogen from
inorganic fertilizers on coarse texture soils to an aquifer with a shallow water table.
The portion of the Peninsula of Yucatan chosen for this study is a potential area for
nitrate contamination because the porcine dung activities. One of the
characteristics of this of this area is the lack of soils of considerabie thickness.

Land application of porcine manure has advantages; however, it exposes
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atmosphere, soil and aquifer to locally high concentrations of pathogens and
chemical compounds with possible adverse effects on human and animal health.

Nitrogen and other indicators such as major cations, anions and bacteria, has been
used by various authors (Panno et al. 1999; Unwin and Smith 1995; Taiganides
1992; Jansson et al. 1989) to determine the effect of porcine dung and the use of

other manure on groundwater nitrate concentrations.

Objectives.

The main purpose of this study was to determine the effects of porcine manure
application in an agricultural papaya (Carica papaya) field on groundwater quality.
The objectives were to: (1) describe the nitrate and bacteriological impact caused
by porcine manure application on a karst aquifer respect to the amount of
contaminants added to the background contamination; (2) to describe the time
cycle of the impact related to one cultivation cycle taking into account the special
situation of a shallow karst aquifer with almost no soils and (3) to estimate the
possible impact on drinking water quality due to the agricultural activities of a small

porcine farm in a karst area.

Study area.

The study area is located in the northwestern part of the Yucatan Peninsula,
southeast Mexico (Fig.1), approximately 14 km northeast of the city of Merida
(21°05'N, 89°32'W). The study was run as field experiment at the Agricultural

Technological Institute of Conkal, Yucatan.
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Figure 1. Study area location in Yucatan Peninsula Mexico.

The porcine manure application area has an extension of approximately 2 Ha (Fig.
2). Since 1994, porcine manure has been applied to the scarce soil in order to
improve the different crop prdductions. in spring of 1997, 2500 papaya trees were
planted and porcine manure was applied during summer of 1997.

The manure dosage applied was 3 kg in each papaya tree since the nitrogen
content was assumed to be 3.7% (Borges and Rios 1998). This porcine manure
dose corresponds to a rate application of 138 kg/Has of N, and falls within the
range of 120 - 180 kg/Has of N that Rodriguez (1989) considered adequate for the

cultivation of fruits with high production result.
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Figure 2. Ubications of monitoring wells in the field experiment.

The cultivation cycle observed in this study started with the planting in June 1997,
and ended with the harvest lasting over the period between December 1998 and
June 1999. The total duration of the cultivation cycle is therefore between 1.5 and
2 years.

The hydrogeology of Yucatan Peninsula is complex because of its variability in its
hydraulic parameters due to a well-developed karst (Marin and Perry 1994). The
upper hundred meters consist of almost pure carbonates and evaporites which,
when dissolved, leave practically no residues. This has resulted in the
development of a mature karstic system with a very high permeability with little soil

and no extensive aquitards except for a narrow band parallel to the coast (Perry et
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al. 1989). Surface drainage is absent and it has been inferred that groundwater
recharge from rainfall is relatively high as a-result of infiltration of runoff/sheetflow
through karst derived features (Graniel et al. 1999).

The regional groundwater flow direction is from southeast to northwest, e.g. from
the central part of the Peninsula toward the coast (Lesser 1976).

The soil type in the experimental field of the study area is Tzekel (Mayan
terminology) which is equivalent to the Litosol type according to the terminology
used by the Food and Agricultural Organization (FAO). This soil type-is
characterized by shallow depth to bedrock (0.20 m) and a very high content of rock

particles (Sangines 2000).

METHODS

Activities relevant for the local groundwater contamination generated ét the
experimental farm studied in this investigation are: (1) the extraction of
groundwater in nine shallow wells distributed over the farm area and reuse of this
water for irrigation and (2) the employment of porcine manure as unigue fertilizer.
These activitieé may result in an increase of the groundwater contamination due to
the artificial infiltration of water and the related leakage of contaminants from the
porcine manure deposited at the surface. In addition to the extracted g.roundwater,
only rainwater may infiltrate into the aquifer beneath the farm since no groundwater
from outside the farm area is used for irrigation.

Groundwater quality beneath the porcine manure application site and the

surrounding area was monitored by collecting and analyzing water samples from
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12 shallow observations wells (Fig. 2). Depth to water table in the monitdring wells
ranged from 5.0 to 6.5 meters. These wells have an approximate diameter of 1
meter and are finished 0.5-1.0 m below the water table. Well 1 to 9 are in the area
were in the porcine dung area. Well 10 is located inside the experimental field but
in an area were the land use was the animals feed using in other research. Well 11
is a public well using for water well supply and well 12 is located in a small pigs
farm which was closed at the end of 1998, before to finished this study.

Chemical and biological characteristics derived from these samples are from the
upper portion of the aquifer. Routine sampling was carried out in eleven occasions
during the period from January 1997 to June 1999 in order to study the short-term
and long-term impact of porcine manure on groundwater quality.

Groundwater samples were analyzed for their major ions and fecal coliform
bacteria density, according to the procedures outlined in Standard Methods

(APHA, AWWA WEF 1996).

Infiltration mechanisms

Solute transport in carbonate aquifers through the unsaturated zone may occur
simultaneously in two different modes. One is by diffuse flow and the other is a
conduit flow through macropores or fissures (Shuster and White 1971; Cabrera
1986; White 1988). [n order to identify the predominant type of flow mode, Shuster

and White (1971) used the following variation coefficient CV, expressed in percent:

CV-= .:?100
X
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X is the mean value for total hardness of the content of the observed species and
s its standard deviation. Shuster and White (1971) found that diffuse flow is -
characterized by values less than 5%, while the corresponding values for conduit

flow are in the range between 10 and 24%.

Nitrate versus other ion concentrations

Heaton (1985) studied the origin of nitrates in groundwater and found that high
nitrate concentration coincides with high concentrations of other soluble anions
such as suifate and chloride; except for the rare case when nitrates originate from
surrounding rock formations. This situation can be applied for measure the
inorganic fertilizer impact on groundwater because the chemical formulation is from
inorganic nitrogen, chioride and sulfate; although in porcine dung land use, the

sifuation seems different due to organic nitrogen high content in the excreta pigs.

RESULTS AND DISCUSSION

Infiltration mechanisms

The total hardness values were used to determine the predominant flow type in the
study area. The variation coefficient value found was 17%, which indicates that
conduit flow being the predominant flow mode. Conduit flow in a mature karst
system as in the case of the study area further implies high spatial variations in the

solute transport rates.
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Chemical composition

Chemical data including anion and cation concentrations, specific conductance, S

temperature, dissolved oxygen and pH values were determined for all water
samples. Milliequivalents per liter values were calculated for anions and cations
and a standard charge balance was determined for each sample. Seventy percent
of the samples had charge balances below § % and another 22 % between 5 and
10 %. The Piper diagram for water samples from the study area show that the

general groundwater facie type is Ca-HCO; (Fig. 3).

0

Figure 3. Chemical character of the aquifer beneath the study area.
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The sodium adsorption ratios were calculated and the results are shown in a-
diagram like that suggested by the U.S. Salinity Laboratory Staff in 1954 .(Walton,.
1970) in order to determine the suitability of the groundwater for irrigation purposes
(Fig. 4). The results indicate that the wel[s 7,8 and 9 have medium salinity hazard,
while the other wells have high salinity hazard with respect to their electric
conductivity. Suitability of the groundwater for irrigation purposes is only effective

for tolerant salt plants.
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Figure 4. Suitability of groundwater for irrigation purposes.
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Nitrate versus other ion concentrations

The __[eiationl between the nitrate ion and the another anions sum (sulfate .and
chloride) for rural areas where the land use is no porcine dung, such as small
urbanization and farms and some agricultural domestic activities, showed a
correlation according Heaton (1985). Groundwater samples form the study area
where the land use was porcine dung, this correlation was not clear. The
concentration of nitrate ion versus sulfate and chloride ions was not a constant but
varied considerably. This relation was due to the organic origin and quantity
nitrogen in the manure in contrast with the inorganic origin and quantity of nitrogen
in the other land uses areas. The lack of correlation between these two parameters

may be a good indicator from groundwater impacted by organic fertilizer use.

Baseline data for nitrate concentration in the groundwate

Samples were taken from three reference wells (wells 10, 11, and 12 (Fig. 2)
outside the 'experimentai farm area for determine the baseline data for nitrate
concentration in groundwater. This baseline data will be compared with nitrates
concentration from the farm welis in order to isolate the contribution generated by
the agricuitural activities on the farm area.

Nitrates in the groundwater northeast of the city of Merida have medium values of
52.61 mg/l for the period between January, 1997 and July, 1999 with values

ranging between 18.32 mg/i and 179.72 mg/l {Fig. 6). Values are between 26.00
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and 51.37 mg/l in January, May and September of 1997, while nitrate in the

baseline data wells rise over 100 mg/l in February of 1998.
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Figure 5. Comparison of the nitrate vs. sulfate and chloride ions in groundwater

samples from porcine dung and other land uses.

There is another high value of over 150 mg/l in well 10 north of the study area in
June of 1998; the other two baseline data wells 11 and 12 had nitrate contents
below 50 mg/l in the same sampling period. Values rise again temporally over 50
mg/l in wells 10 and 11 in November and December of the same year (Fig. 6) and
fall again in February, April and July of 1999. It may be observed in Figure 6, that
nitrate concentrations in the groundwater near the study area were high during the

whole sampling period. Values were close to the limit of 45 mg/l fixed as the
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maximum permissible content by the national norm (SSA 1996) and with values

higher than this limit in several periods.
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Figure 6. Nitrate concentration background in the study area.

Nitrate distribution and transport in the aquifer

In a mature karst system with predominant conduit flow, neiboughring wells are not
necessarily connected hydraulically but may be part of independent conduit
systems (Steinich and Marin 1997). Within the study area, however, groundwater
samples taken from eight of the nine wells within the farm area show similar

variations in nitrate contents as water samples from at least one of the three
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baseline data wells (Figs. 7 and 8). It may therefore be assumed that nitrate
contents in the water samples from the farm area result from the sum of the
baseline data concentration and the additional nitrate added by leakage from the
porcine manure application within the farm area.

Based on similar variations of nitrate with time, wells may be divided in two groups:
wells 1, 6, 8, 9 and 10 (Fig. 7) and wells 2, 3, 4, 5 and 11 (Fig. 8). These
observations suggested good hydraulic connection between welis in the same group.
There are exceptional high nitrate contents in wells 2, 4 and 5 in October of 1998
that was not observed in other wells. While water from wells 2 and 5 show again
high nitrate concentrations in November and December of the same year, the
water sample from well 4 don't follow this trend in nitrate content for this period. A
surplus of porcine manure was temporally deposited near wells 2 and 5 and it may
be supposed that the described anomalous nitrate concentrations in these two
wells are probably due to an additional local leakage event limited in time.

Nitrate contents found in water samples from well 7 show no relation with one of
the baseline data wells or with any of the farm wells (Fig. 6). Contamination with
respect to nitrate in this well is relatively low over the whole sampling period with
values ranging between 0.31 mg/l in May 1997 and 32.24 mg/l in February, 1998.
Figure 6 shows that none of the high nitrate events that may be observed for the
three baseline data wells 10, 11 and 12 was clearly observed in well 7 while all
other farm wells show such a correlation with at least one the background wells.
Mixing with water from depth levels which is less affected by superficial nitrate

contamination could result in a dilution of water near to the well 7 and explain their
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missing correlation with other wells. Water from the neighboring well 8 shows the
high nitrate event observed all the other wells between February and June of 1998
but with lower intensity. The proposed dilution effect proposed for well 7 may
eventually influence well 8 though to a minor grade.

The observations made so far with respect to the baseline data nitrate contents on
one hand and those within the farm area, allow us to isolate that part of the
contamination that originates from the farming activities.

Figures 9 and 10 show the differences of nitrate contents of each of_wells 1, 6, 8
and 9 with respect to well 10 and wells 2, 3, 4 and 5 with respect to well 11 as a
function of time. The plantation of papaya trees took place in June of 1997 and the
manure application some 70 days later in August of 1997. Except for wells 2 and 5,
water from ali other farm wells show no increase in nitrate concentration in the
sampling date following the manure application in September of the same year
(Figs. 9 and 10) with respect to the corresponding baseline data wells.

Peak values of nitrate surpius in all wells may be observed during the period from
September to December of 1998. These values reach up to 88 mg/l of nitrate above
the baseline data for well 2 (Fig. 10). Nitrate surplus in the farm wells decrease during
the following months and all farm wells reach the baseline data in July of 1998 (Figs.
9 and 10). The delay of the high nitrate event in the aquifer with respect to the
application of porcine manure reflects probably the period of nitrogen uptake by the

growing plants causing no nitrate leaching to the groundwater table.
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Figure 7. Nitrate concentrations in selected wells on the field experimental site.
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Figure 8. Nitrate ccncentrations in selected wells on the field experimental site.
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The increasing contaminaticn of the aquifer towards the September to December
of 1998 — period seems is the consequence of the infiltration of the excessive
amount of fertilizer not absorbed by the plants. It is important to remind that there |
was no agricultural activities during the summer of 1998 and that the observed
impact of the excessive use of porcine manure as fertilizer on the groundwater
quality must be related to the cultivation of papaya trees during the summer of

1997.

Bacterial composition

The use of porcine manure implies not only inorganic contamination, but also the
liberation of important amounts of organic material such as boliform bacteria.
Transport of bacteria through contaminated groundwater is affected by a number of
factors in addition to the geological and hydrological characteristics of the aquifer
itself (Harvey 1989).

Density of coliform bacteria from inside and outside sells were counted 11 times
from January 1897 to June 1998.

Even before starting the experimental cultivation cycle, coliform in considerable
amounts couid be identified in the water samples, which implies a certain
background contamination with respect to bacteriological contamination of the
groundwater beneath the studied area. Values reach their minimu_m for most of the
wells in January, 1997 and February 1998. This period correlates in time with the
overall decrease in agricultural activities on a regional level. The preparation for the

cultivation cycle in one year starts with cleaning up the fields during March and
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Aprit and the application of the manure at future planting sites during May and
June. Sudden increases of coliform bacteria in the water samples taken from the
wells in June of 1998 reflect the transport of bacteria frough the karstic aquifer
which have high secondary pore structure and then may be subject to an
enhancement effect of travel velocity. Figure 11 shows that the geometric means
for all wells of the density of coliform in the groundwater increases from June to
October which coincide with the heavy rain events. There was not a clear
difference between the geometric mean for fecal coliform density in wells from
outside farm and those in the manure porcine application area. The bacteriological
contamination in the groundwater table is associate with a regional contamination
so the farm activities, such as the porcine manure applications only increase the

counts for fecal coliform after heavy rain episodes.
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Figure 11. Geometric mean values of Fecal Coliform bacteria for all wells.
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From these observations, it may be concluded that in contrast with the inorganic
contamination, there is no time and density difference between the regional
groundwater contamination and the leakage of fecal bacteria from the porcine

manure application.

Twelve species belonging to five genera of Enferobacteriaceae family were
isolated. Leaching of bacteria to groundwater table from the porcine manure
application caused the presence of a diversity species greater than the bacteria

groundwater background (Table 1).

Table 1. Bacteria isolated from the study area.

Family Species Farm wells  Outside farm wells
Enterobacteriaceae Enterobacter aggfomerans + +
Enterbacter aerogenes + +
Serratia marcecens + +
Escherichia coli + +
Klebsiella oxytoca + -
Citrobacter freundii + -
Citrobacter diversus + +
Salmonella rubideae + -
Klebsiella pneumoniae + +
Pseudomona aeruginosa + -
Edwarsiella tarda + -

Enterobacter hafnie + +
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The most dominant bacteria species present included the fecal bacteria

Escherichia coli, Enterobacter agglomerans and aerogenes (Fig. 12).
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Figure 12. Bacteria species common to the farm wells and outside farm wells.

Consequently it was assumed that the leaching from the porcine manure
application to groundwater table might have a health related microbial impact.
Bacteria isolates in groundwater samples pose serious public and animal hazards,

as they constitute potential sources of gastroenteritis, diarrhea and other disorders

health.
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CONCLUSIONS

The calculation of the variation coefficient showed a vaiue of 17%, which indicates
that conduit flow being the predominant flow mode in the study area.

Farm activities no change the chemical type groundwater typical of limestone
aquifers, however the quality for irrigation purposes is hazardous due to salinity
processes. The predominant type of groundwater is Ca-HCO; and the sodium
adsorption ratio show that the suitability of groundwater for irrigation is oniy for
tolerant salt plants.

The comparison of nitrate versus other anion concentration within the water samples
of the study area shows no correlation between these two parameters. While a linear
correlation would be expected in natural groundwater, the !alck of correlation may be
an indicator for organic fertilizer as origin of the nitrate in groundwater.

Nitrate concentrations in the groundwater near the study area was found to be near
the permissible limit of 45 mg/l during most of the cultivation cycle showing values
higher than this limit in several periods.

The combination of the chemical characteristics with respect to the major ions and
the nitrate contents suggests the presence of a hydraulic connection of one well (well
7) with deeper parts of the aquifer. This situation result in a mixture with waters not
directly affected by the agricultural activities within the farm area.

The differences in time and quantity leaching nitrogen response showed by some
wells is associate with the main type conduit flow in the aquifer, which permit found
pockets of contamination rather regional contamination in the area. Variations in

nitrate concentrations from samples from the farm wells and several reference wells
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outside the farm area were compared to establish the nitrate isolation contribution
due to the agricultural activities within the farm area from the regional background
contamination.

Nitrate leakage is delayed with respect to the application of porcine manure by 6
months, approximately. This delay shows the importance of the determination of
hitrate content in the porcine manure prior to ifs application to prevent from a nitrate
surplus at the end of the nitrogen uptake period of the growing plants. Due to the
presence of the large karst conduits in combination with a very small soil thickness,
such a nitrogen surplus invariably leads to a nitrogen leakage and to nitrate
contamination of the aquifer. In order to prevent cyclic contamination to the aquifer,
the nitrogen content of the porcine manure should be measured prior to its
application, while the occurrence of nitrate in water samples should be determined
after the observed delay time. The routine observation of these two values may
optimize the application of organic fertilizer in following years and reduce major
leakage events of nitrogen towards the aquifer and prevent from nitrate hazards
within the groundwater.

Bacterial density in groundwater is no adequate data for the assessment of
contamination events of the aquifer due bacteriological groundwater table
contamination exists in the region. There was a little increase of the fecal density
due to the farm activities and it only can be observed after a heavy rain episode,
although there was a diversity species increase in groundwater beneath the

porcine manure application area.
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Nitrate, however, may be considered a good indicator for the estimation of the
impact of porcine manure application as fertilizer on the groundwater. in order to
prevent from cyclic contamination of the aquifer, the nitrogen content of the porcine
manure should be measured prior to its application, while the occurrence of nitrate
in water samples should be determined after the observed delay time. This is a
topic of concern for regions where the groundwater is the only source for potable

water and dilution of nitrogen compounds.
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7. CONCLUSIONES

El Estado de -Yucatan, estd en una plataforma carstica que presenta
caracteristicas propias, como la alta heterogeneidad que complica los estudios
sobre modeiacion de flujo y transporte de contaminantes en el acuifero. Por lo que
en este trabajo, el enfoque en los estudios se hizo con base en zonas geograficas
y no con nucleos de roca que resultan poco representativos. De esta manera, se
escogieron zonas con diferentes usos de suelo y diferentes caracteristicas en el
esquema de fuente de contaminantes. Asi, se presentan los escenarios tipicos de
causas y significancia de contaminacién por compuestos nitrogenados en el agua
subterranea en un medio carstico como es el caso de la Peninsula de Yucatan.
Para estudios futuros, se recomienda determinar cual es el escenario a aplicar,
para después disefiar experimentos para conocer la distribucidon de fracturas y
cavernas para fijar las caracteristicas especificas que permitan desarrollar
modelos de flujo, describir vulnerabilidad, etc.

Asimismo, la atenuacidén de la contaminacién debida a la zona no saturada es
practicamente nula, debido a la ausencia de suelo y a la presencia de las
manifestaciones carsticas, como las cavernas, cenotes, fracturas y conductos de
disolucion, cuya implicacion mas importante es la de acelerar el movimiento de las
sustancias contaminantes hacia el agua subterranea.

Las investigaciones realizadas acerca de fa contaminacion por nitratos y bacterias
coliformes en el agua subterranea del estado de Yucatan y que conforman el

presente trabajo, permiten dar las siguientes conclusiones:
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Una de las fuentes de nitratos y bacterias coliformes fecales al agua subterranea,
es la disposicidn inadecuada de los desechos domésticos-y de animales. Asi,
concentraciones de nitratos menores que 45 mg/l son comunes en areas
deshabitadas, en contraste con las encontradas en areas habitadas, en aonde las
concentraciones exceden a esta cantidad, que es la establecida como limite
maximo permisible en agua potable.

La naturaleza carstica del subsuelo, permite observar grandes contrastes entre las
concentraciones de nitratos de pozos cercanos entre si, lo que indica que las altas
concentraciones son debidas a condiciones locales, como es el fecalismo a cielo
abierto de personas-y animales en lugares cercanos a los pozos, mas que a las
condiciones regionales. En estos lugares, los valores mas altos de nitratos en el
agua subterranea ocurren durante los periodos de mayor precipitacion pluvial y los
menores, durante la estacion de estiaje. Los factores que favorecen la sincronia
entre la contaminacion del agua subterranea y los eventos pluviales son ia
escasez de suelo, la alta porosidad secundaria y el reducido espesor de la zona
vadosa.

La presencia de organismos coliformes totales y fecales en el agua subterranea
permitieron el estudio del tipo y de la fuente de contaminacién. Debido al corto
tiempo de vida de estos microorganismos, fue posible determinar un proceso de
infiltracidn en corto tiempo, una contaminacion reciente y la cercania de la fuente

respecto al punto de medicion.
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Las principales especies de la familia de enterobacterias que fueron aisladas e
identificadas fueron Escherichia coli, Shigella y Salmonella, las cuales son las
causantes de enfermedades gastrointestinales.

Por otra parte, la principal fuente de nitratos en el agua subterrdnea de la parte sur
del estado de Yucatan son los fertilizantes ricos en nitrdgeno y también se tiene
una pequena contribucion debida a los desechos no tratados de origen doméstico
y de animal, como se demdstré por medio de las correlaciones entre nitratos y
cloruros. Las concentraciones de nitratos en 12 pozos de abastecimiento
mostraron un patrén temporal en respuesta a la estacion de lluvias y estiaje,
siendo en promedio mayores durante el periodo de estiaje. Se observo un efecto
de dilucion causado por la mezcla del agua de lluvia infilfrada y el agua
subterranea. En esta region, el arrastre de materia nitrogenada fue detenido
durante el ciclo de cultivo dando lugar a un desfasamiento en tiempo y el arrastre
se dio Unicamente con la parte de los fertilizantes que no fueron aprovechados por
las plantas. Asimismo, se encontraron dos niveles en la concentracion de nitratos
en el agua subterranea respecto a lo establecido en la norma oficial; en el nivel de
alta concentracion (mayor que 45 mg/l), los casos extremos se ubicaron en las
poblaciones de Chacsinkin y Peto, mostrando una concentracion promedio de
91.1 mg/l; en estas poblaciones, las concentraciones de nitrato encontradas fueron
hasta 3.5 veces mas altas de lo que establecen las Normas de Calidad para Agua
Potable. Para el nivel de baja concentracién (menor que 45 mg/l), las poblaciones
caracteristicas fueron Tekax y Akil, con una concentracidn promedio de 32.9 mg/l.

Este comportamiento se debe a dos fendmenos que se sobreponen, el primero
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debido al movimiento de flujo regional que da origen a una concentracién base vy el
segundo, debido a. las. fuentes. puntuales que aunadas a la rapida infiltracion

ocasionan picos locales.

El uso inadecuado de los desechos organices como fertilizantes es una fuente de
nitratos en el agua subterranea, principalmente cuando son depositados sin algtn
tratamiento. Las concentraciones de nitratos encontradas en areas cercanas a un
campo experimental en donde se aplicod la excreta de cerdo sin tratamiento, al
cultivo de papaya Maradol, estuvieron cerca del limite maximo permisible (45
mg/l). Las variaciones en las concentraciones de nitratos entre los pozos de la
granja y los pozos de los alrededores, se compararon para aislar la contribuciéon
debida a las actividades agropecuarias realizadas en la granja de la concentracion
existente en el agua subterranea. El efecto de la lixiviacion de la excreta porcina
tuvo una diferencia de 6 meses respecto al mes de aplicacion y el mayor aporte de
nitratos medido como la diferencia entre la concentracion de base y la encontrada
én el agua subterranea del area de aplicacidn de la excreta porcina, fue de 88
mg/l.

Las diferencias en tiempo y en cantidad de la respuesta a la lixiviacion del
nitrbgeno que se encontraron en algunos de los pozos, estan asociadas con el
flujo predominante por conductos localizados a poca profundidad en los
alrededores de los pozos, ya que las excretas fueron aplicadas al nﬁismo tiempo.

Estos conductos resultan en un aumento puntual de la velocidad de infiltracion y
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permite encontrar pequefias areas con picos de contaminacién que se suman a la

contaminacion de caracter regional en el Estado de Yucatan. . .. .

Los nitratos se consideran buenos indicadores para la estimacion del impacto de
la aplicacion de la excreta de cerdo como fertilizantes en la calidad del agua
subterranea, debido a que es un ion estable que no fiene interaccién con los
materiales rocosos. Es decir, lo que no consume la planta durante su desarrollo

queda disponible para su arrastre hasta el agua subterranea.

La densidad de bacterias en el agua subterranea no fue adecuada para evaluar el
impacto de la aplicacidon de excreta de cerdo como fertilizante debido a la
presencia de muchas fuentes puntuales localizadas alrededor al area de estudio
del campo experimental, lo que impidié cuantificar la contribucién de la fuente
especifica en estudio; sin embargo, se observd una mayor diversidad en las
especies de bacterias presentes en el agua subterranea para la fuente especifica
estudiada. La densidad de las bacterias coliformes fecales en el agua subterranea
es una medida del impacto de la contaminacion por una fuente especifica, en la
medida en que dicha fuente pueda aislarse, como fue el caso del area rural al
norte de la ciudad de Mérida, en la que la unica fuente de contaminacion exisiente

fue la disposicion de desechos de humanos y de animales en un area limitada.

De manera general, los resultados permiten hacer la previsién de que las zonas

mas contaminadas en el agua subterranea del estado de Yucatan, son las que
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subyacen regiones con usos de la tierra en los que el manejo de materiales

nitrogenados de naturaleza organica e inorganica es inadecuado; y esta previsién,

debe de hacerse con base en la hidrodinamica en cada zona en particular. Asi, la

delimitacién de zonas vulnerables a las diferentes fuentes de contaminacion por

nitratos debe de hacerse con base en:

1. La localizacion de las fuentes potenciales de contaminacion.

2. La caracterizacion del uso del suelo, por las diferencias de la infiltracidn como
respuesta a las infiltraciones vy

3. Una zonificacién de primer orden con base en el régimen de flujo regional.

Si el interés es hacer estudios mas detallados, se recomienda:

1. Determinar las posibles diferencias entre los flujos regional y local y

2. Hacer una zonificacidon mas detallada, incluyendo estas caracteristicas locales.

Cabe mencionar, que se requiere ademas considerar diferentes escenarios para

las temporadas de lluvia y estiaje.

En los pozos para abastecimiento publico, es necesario tener un control de la
calidad del agua, ya que durante los periodos de lluvias, generalmente aumenta la
concentracion de nitratos y bacterias coliformes fecales, incrementando e! riesgo a
la salud, ya que se produce un efecto sinérgico debido a que algunas bacterias
pueden reducir el nitrato a nitrito {ion toxico) en el tracto intestinal, tanto de

hombres como de animales de sangre caliente.
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Como alternativas para reducir el impacto de la contaminacién por nitratos y
bacterias en el acuifero de Yucatan, se proponen: (a) la delineacion de zonas de
proteccion hidrogeoldgica para el abastecimiento de agua en el area de interés; (b)
fa implementacion de un esquema ambiental de manejo adecuado de fertilizantes,
en especial los nitrogenados; (¢) la dotacion de infraestructura de saneamiento
basico a las regiones ruré[es, en especial, ‘aquellas en las que el pozo de
abastecimiento esta dentro det poblado; y (d) la aplicacion de sistemas integrados
de manejo de desechos organicos en granjas porcinas, en los que se incluya la
observacion rutinaria del contenido de nitrbgeno en las excretas, la dosis precisa
de nifrogeno para el crecimiento de las plantas y la determinacion de las

concentraciones de nitratos en el agua subterranea.
Estas acciones, permitirian fa reduccion y el control de la contaminaciéon por

nitratos y bacterias en el agua subterranea, la cual es de importancia en regiones

en donde es la Unica fuente para el abastecimiento de agua potable.
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